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ABSTRACT
The catalytic reforming reactions of n-heptane have been studied 
in an integral bed reactor on both platinum-alumina (0.3% Pt) and 
platinum-rhenium-alumina (0.3% Pt, 0.3% Re) commercial reforming cata­
lysts containing 0.6 wt. % chloride. The catalysts were pre-equilibrated 
on a naphtha at commercial reforming conditions to obtain lined-out 
activity and selectivity prior to kinetic studies.
Yields of toluene, single and double branched isoparaffins, and 
cracked products were studied over a conversion range of 15 to 85% total 
heptane (iso + normal) conversion at 900°F. An extensive study was made 
of the effects of both hydrogen and hydrocarbon partial pressures on 
reaction kinetics at 900“F over the range of 100 to 300 psig and 5:1 to 
15:1 hydrogen:hydrocarbon mole ratio.
Competitive adsorption played an important role in the reaction 
kinetics at most operating conditions. At high conversion levels an 
upper limit on toluene yield was observed due to competitive adsorption 
of toluene and heavy aromatic side products on catalyst active sites.
With increasing hydrogen partial pressure (constant hydrocarbon partial 
pressure) both dehydrocyclization and cracking reactions were suppressed 
by competitive hydrogen adsorption. At low hydrogen partial pressure the 
heptane isomerization reactions are severely reduced by competitive ad­
sorption of toluene and heavy aromatic side products.
The effect of temperature on reaction rate constants was evalu­
ated at 875, 900, and 925°F with 200 psig reaction pressure (10:1
xiii
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Hgin-heptane mole ratio). All experiments were performed in the absence 
of any significant mass transfer or pore diffusion limitations.
Above 50-60% total heptane conversion n-heptane and most of its 
isomers are in equilibrium. Selectivity of the heptanes to toluene in­
creases with decreasing conversion, decreasing hydrogen partial pressure, 
and decreasing hydrocarbon partial pressure (constant hydrogen partial 
pressure). Distribution of cracked products indicates that the carbo­
nium ion mechanism predominates for this reaction.
Activation energies for all reactions fall in the range of 40-60 
kcal/gm-mole.
The following reaction scheme was used to formulate a set of 
nonlinear differential equations to model the reforming reactions of 
n-heptane on both the Pt-Re and the platinum catalysts (MH = methy1- 




The differential equations were solved by numerical integration using a 
"Pattern Search" optimization routine to simultaneously determine both 
surface reaction rate constants and adsorption equilibrium constants.
The model development indicates that the heptane cracking reac­
tion is zero order with respect to hydrogen partial pressure. The ob­
served heptane isomer distribution can be predicted only if direct iso­
merization of n-heptane to the doubly branched isomers is allowed. For
xiv
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the heptane Isomers, as the degree of branchiness Increases the dehydro­
cyclization rate constant decreases and the cracking rate constant 
increases.
Langmuir-Hinshelwood type adsorption equilibrium constants are 
significantly different for toluene, paraffin hydrocarbons, and hydrogen. 
Toluene is the most strongly adsorbed and hydrogen the weakest. Only 
the hydrogen adsorption constants are different for acid and metal site 
reactions.
A comparison of the kinetic behavior of the platinum and Pt-Re 
catalysts shows similar overall yield patterns. However, the pressure 
response of the Pt-Re catalyst is considerably different from that of 
the platinum catalyst. Reasons are suggested for the superior activity 
and selectivity stability reported commercially for the Pt-Re catalyst.
XV
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CHAPTER I 
INTRODUCTION
Catalytic reforming is one of the major conversion processes in 
the petroleum refinery. Its most important chemical reactions are the 
conversion of paraffins and naphthenes to aromatics. Its product, cata­
lytic reformate, is the chief source of high octane components for motor 
gasoline and aromatics for the petrochemical industry. Catalytic reform­
ing capacity in the United States in 1973 was about 23% of the total re­
finery capacity, and catalytic reformate made up about one-third of the 
average motor g a s o l i n e . D u e  to the present government regulations 
requiring gradual removal of lead antiknock compounds from gasoline, the 
demand for high octane catalytic reformate is expected to increase con­
siderably through 1980.
The reactions of catalytic reforming upgrade the antiknock 
quality (or octane number) of its hydrocarbon feedstock. The primary 
reactions of naphthenes include dehydrogenation of cyclohexane homo­
logues and ring isomerization plus dehydrogenation of cyclopentane homo­
logues to the corresponding aromatics. Paraffin reactions include de­
hydrocyclization to form aromatics, isomerization to more highly branched 
structures, and cracking to lower molecular weight hydrocarbons. The 
reactions of naphthenes are very fast and very selective to aromatics in 
comparison to the reactions of paraffins. Since paraffins make up a 
large fraction (20-70%) of the catalytic reformer feed and since they are
1
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also the lowest octane components, a large incentive exists to selec­
tively convert these to aromatics.
Several other factors also make the study of paraffin reforming 
particularly interesting. With the rapidly increasing price cf crude 
oil and efforts to become less dependent on foreign crude, the trend in 
domestic energy will be to switch from heavy petroleum fuel oils to 
nuclear and coal energy for electricity generation and other furnace re­
quirements. This will allow conversion of heavy fuel oils to the por­
table fuel gasoline. Increased conversion to gasoline will require new 
feedstocks of considerably different composition for catalytic reforming. 
Incentives for producing the aromatics from these streams could increase, 
and reforming of highly paraffinic (60-90%) feeds would be required.
The catalytic reforming reactions of normal heptane serve as a 
good example of commercial paraffin reforming reactions. First, it 
falls within the C^-Cg range of usual reformer feeds. Second, its reac­
tions are typical for Cg and Cg paraffins. Product separation and ki­
netic analysis of normal hexane reactions would be much simpler; however, 
it reacts primarily to form isohexanes and has poor selectivity to aro­
matics compared to the heavier, C^-Cg paraffin components of a catalytic 
reformer feed. The heavier normal paraffins are expensive to obtain in 
purified form, and analysis of their reactions products is quite complex.
The literature contains many reports of kinetic studies of 
n-heptane reforming. However, most of these are limited to low conver­
sion differential studies of reaction mechanism. Due to the extremely 
complicated modeling required for a high conversion integral reactor 
study of n-heptane reforming, extensive data over a wide range of condi­
tions are not available and will therefore be the object of this study.
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The heart of the catalytic reforming process Is its catalyst.
The original molybdenum on alumina catalyst was replaced by platinum on 
alumina about 1948 and by 1961 the platinum-alumina catalyst was being 
used in over 95% of all catalytic reforming units. In 1969, Chevron 
Research announced its bimetallic platinum-rhenium-alumina reforming 
catalyst. This rhenium promoted catalyst has been credited with much 
better activity and selectivity maintenance than the conventional plati­
num catalyst, particularly at low pressure and high severity 
operation.
Both the Pt-AlgOg and the Pt-Re-AlgOg catalysts were used for 
this kinetic study of n-heptane reforming for several reasons. First, 
very little work has been published on the kinetics of n-heptane reform­
ing with Pt-Re-AlgOg. Second, since very severe reforming conditions 
are required for reasonable conversion and yields from paraffinic feeds, 
the Pt-Re catalyst is a logical choice for commercial operation on such 
a feed. Third, it is hoped to derive from this study some kinetic under­
standing of the reasons for the rhenium-promoted catalyst's superiority.
Both the conventional Pt-AlgO^ catalyst and the Pt-Re-AlgOg 
catalyst are bifunctional in nature. They contain both hydrogenation- 
dehydrogenation sites and acid sites. The dehydrogenation sites are 
generally associated with the metals. They catalyze intermediate olefin 
formation from paraffins and aromatics formation from naphthenes. The 
acid site is associated with the base and catalyzes reactions such as 
isomerization and cracking. The catalytic reforming reactions of n- 
heptane involve both types of sites and directly or indirectly all of 
the reforming reactions. In addition, paraffin dehydrocyclization is a 
controversial reaction and is thought to occur on either or both types
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
of active sites. Hopefully, a by-product of this study will be a better 
understanding of the mechanism of this reaction at commercial type 
operating conditions.
In summary, the objectives of this study are:
1. Develop a mathematical model to describe the catalytic 
reforming reactions of n-heptane over a wide range of conditions.
2. Compare the kinetic behavior of a commercial platinum- 
alumina reforming catalyst with that of a commercial platinum-rhenium- 
alumina catalyst for reforming n-heptane.
3. Search for any kinetic behavior that might explain the re­
ported superior activity and selectivity maintenance of the Pt-Re-AlgO^ 
catalyst compared to Pt-AlgOg in commercial reforming of naphtha.
4. Investigate the mechanisms involved in the reforming reac­
tions of n-heptane.
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Catalytic reforming is an excellent example of the application 
of catalysis in the petroleum and petrochemical industry. Since its be­
ginning in 1940^^^) all of the major developments have been associated 
with catalyst advances. As the chief source for high octane gasoline 
blending components and aromatics for the petrochemical industry its 
capacity was 4 million barrels per day in 1973 or about 23% of the U.S. 
crude oil c a p a c i t y . I t s  product, catalytic reformate, makes up 
about one-third of the motor gasoline pool and is second only to cata­
lytic cracking in its share of refining capacity and gasoline produc- 
tlon. (24)
The role of catalytic reforming in tomorrow's refinery is ex­
pected to be even greater. Fuel economy efforts may push up engine com­
pression ratio and hence increase gasoline octane requirements, while 
environmental restrictions remove lead from gasoline and increase the 
refiner's dependency upon catalytic r e f o r m a t e for octane. Cur­
rently, October 1, 1979 is the Environmental Protection Agency deadline 
for reducing gasoline lead content from the 1976 level of 1.6-1.9 grams 
per gallon to 0.5 grams per gallon.
The catalytic reforming process generally consists of three to 
four fixed bed reactors with reheat furnaces between reactors to make up
6
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the large endothermie heat of reaction. Operating temperatures at the 
catalyst bed inlets are usually in the range of 850-1000°F with bed 
AT's as great as 200“F. Operating pressure ranges between 200 and 600 
psig with 300-400 psig a common range. Lower pressure is favorable for 
higher yields of aromatics but causes more rapid coke formation on the 
catalyst. Catalytic reformers operate with product hydrogen recycle of 
4 to 10 moles of hydrogen per mole of feed to minimize coke laydown and 
resultant catalyst deactivation. Space velocity is about 1-5 weights of 
oil/weight of catalyst/hour. The catalytic reformer feed is usually an 
olefin-free naphtha with a boiling range of 180-350°F. It contains
<14')roughly 10-20 wt. % aromatics, 20-50% naphthenes, and 40-70% paraffins. 
Feed molecular size ranges between Cg and C^q .
There are approximately eight commercial catalytic reforming 
p r o c e s s e s . T h e y  vary mainly in the number of reactors, fre­
quency of regeneration, and catalyst type. Nearly all are the fixed bed 
type. However, in 1971 the first moving bed process was announced.
Five major reactions occur in catalytic reforming. They include 
the following as illustrated by examples :
(a) Dehydrogenation of cyclohexane homologues to aromatics
+ 3Hg
(b) Dehydroisomerization of cyclopentane homologues to aromatics 
CH.̂
^  + 3H.,
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(d) Isomerization of paraffins
CH3
CHg-CHg-CHg-CHg-CHg-CHg-CHg CHg-CH-CHg-CHg-CHg-CHg
(e) Cracking of paraffins 
CHg-CHg-CHg-CH^-CHg-CHg-CHg + CH^-CHg-CHg-CHg + CĤ -CHg-CHg
Important intermediate reactions not mentioned are paraffin and 
naphthene dehydrogenation to form olefins. Of much less importance are 
secondary reactions of dealkylation of aroraatics, transalkylation of 
paraffins and aroraatics to form higher carbon number paraffins and aro- 
matics, and polymerization of hydrocarbons to form highly condensed 
ring aroraatics and coke.
Of the above reactions, the dehydrogenation of cyclohexane homo­
logues to aroraatics is the most important for naphthenic reformer
f e e d s I t  is by far the fastest and most selective of reforming
(91)reactions with almost complete conversion to aroraatics. Blending
research octane numbers of the Cy to C^q aroraatics range between 118
to 171 compared to 43 to 104 for the corresponding cyclohexanes.
The dehydroisomerization of cyclopentanes to aroraatics is slower 
and less selective to aroraatics than cyclohexane dehydrogenation. This 
is due to an intermediate ring isomerization step.
Paraffin isomerization is a rapid reaction but much slower than
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octane. For Cy paraffins n-heptane has a research octane number of 0, 
the singly branched isomers about 50, the doubly branched about 80, and 
the triply branched an octane number of 1 1 0 . Unfortunately, however, 
equilibrium favors the singly branched isomers rather than doubly and 
triply branched isomers at conventional reforming conditions.
Paraffin cracking is undesirable since it usually leads to for­
mation of light gases at the expense of valuable liquid components. It 
does, however, increase liquid product octane in two ways. First, 
cracking reduces the paraffin molecular weight which increases its 
octane n u m b e r . S e c o n d ,  cra/king converts low octane paraffins 
to light gases thereby removing them from the liquid product and concen­
trating the high octane aromatics at the expense of liquid yield.
Paraffin dehydrocyclization is one of the most interesting re­
forming reactions and potentially the most valuable in terms of convert­
ing the lowest octane components in the feed to high octane aromatics.
It is a slow reaction and for high conversion catalytic reforming of 
conventional naphthenic reformer feeds, competes with cracking as the 
predominant reaction in the last reactor. For very paraffinie naphthas 
such as those from Middle East crudes or the raffinate from aromatics 
extraction, dehydrocyclization becomes the most important reforming 
reaction for octane i m p r o v e m e n t . A s  gasoline lead content restric­
tions raise reforming severity to maximize aromatics and as the very 
paraffinic Middle East naphthas continue to increase in concentration in 
the reformer feed, dehydrocyclization and other paraffin reactions will 
determine the composition of catalytic reformate in the near future.
Normal heptane is a convenient compound for studying the
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reforming reactions of paraffins. The products of hexane reforming 
would be much easier to analyze and the kinetics would be much simpler; 
however, unlike the paraffins hexane reacts mainly by cracking
and isomerization with very little aromatization.^^^^^^^^^^^^ The 
Cg-Cio normal paraffins react much more readily to form aromatics but 
are very expensive in pure form. Analysis of their reaction products as 
well as the reaction kinetics would be extremely complex. Normal hep­
tane is typical of the higher paraffins in that its singly branched iso­
mers are capable of direct ring closure to form toluene. The reforming 
reactions of n-heptane involve directly the dehydrocyclization, isomeri­
zation, and hydrocracking reactions, and indirectly, as intermediate 
reactions, dehydrogenation and dehydroisomerization of and Cg ring 
naphthenes.
The rest of this chapter will review first the theory and types 
of reforming catalysts and second, previous work on the kinetics and 
mechanisms of the reactions of n-heptane.
B. Catalytic Reforming Catalysts
1. Background
The development of catalytic reforming since its beginning in 
1940^^^) has been a story of catalyst development. The original process 
used molybdenum-oxide on alumina catalyst in fixed bed reactors with 
very short cycle times between regenerations to burn off deposited car­
bon. Later, in the 1950's this catalyst was used in a fluid bed process 
with continuous regeneration to shorten cycle times and increase effec-
C59)tive catalyst activity.
The real birth of catalytic reforming as it is known today
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occurred in 1949 when Universal Oil Products announced the development 
of a bifunctional platinum-on-alumina reforming catalyst process which 
could operate with cycle times of six months to several years. This 
catalyst made possible the higher reformer severities needed to meet the 
increasing motor gasoline octane requirements in the 1950’s. By 1961, 
the Pt-AlgOg catalyst was being used in over 95% of all catalytic re- 
forming units.'
In 1969, Chevron Research announced its rhenium promoted Pt-AlgO^ 
reforming catalyst with cycle length between regenerations of 2-4 times 
that of conventional Pt-AlgOg- Improved selectivity maintenance was also 
c l a i m e d . A s  reformer severity increases to offset the gasoline 
octane loss with lead removal, the use of this bimetallic catalyst is 
increasing rapidly throughout the petroleum industry. A comparison 
study of the kinetics of heptane reforming over both the Pt-AlgOg and the 
Pt-Re-AlgOg catalysts should provide some insight as to the function of 
the metal promoter in addition to valuable kinetic data on these ex­
tremely important reactions. An understanding of the basic functions of 
a catalyst is essential to the selection of mechanisms for and a mathe­
matical description of catalytic reactions. These basic catalytic func­
tions of reforming catalysts will be reviewed in detail.
2. Platinum-Alumina Catalyst
The Pt-AlgOg catalyst contains metal sites— namely platinum—  
that promote hydrogenation-dehydrogenation type reactions and acid sites 
associated with the alumina base that promote carbonium ion type reac­
t i o n s . E i t h e r  site may act alone for a given reaction or one 
site may form intermediates needed for reaction on the other site.
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a. Metal Component
The metal or platinum component of a Pt-AlgOg reforming catalyst 
Is usually associated with hydrogenation-dehydrogenation reactions that 
Involve the making and breaking of hydrogen-carbon bonds. These Include 
formation of olefins from paraffins and aromatics from Cg-rlng naphthenes 
as well as the reverse reactions. Other reactions occur on metal sites 
and will be mentioned later.
Platinum Is usually deposited on the alumina base by Impregnation 
with chloroplatlnlc acid. This method as well as additional catalyst 
treatment prior to use are outlined below:
(1) Impregnation of platinum on support:
HgPCClg (soln) ->• HgPtClg (Ionic adsorption)
(2) Drying and calcining
(3) Reduction to metal from original salt (chloride):
HgPtClg + ZHg + Pt + 6HC1
Basset et al.^^^ compared the benzene hydrogenation activity of
catalysts prepared using HgPtClg vs. Pt(N02)2(NHg)2 Impregnation and saw
(2)no difference. Adler and Keavney report that catalysts prepared by 
cogelllng the platinum with the alumina base contain a much less effec­
tive metal component. Patents on these and other Impregnation methods 
were surveyed by Connor.
The effect of platinum concentration on the alumina base has 
been studied by several researchers. It falls In the range of 0.1 to 
1.3 wt. Mllls^^^^ and coworkers studied the effect of plati­
num concentration on cyclohexane dehydrogenation to benzene at 651“F and 
on naphtha reforming at commercial conditions. Above 0.3-0.4 wt. % no
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effect of platinum content was observed for cyclohexane dehydrogenation.
In the naphtha reforming test conversion was constant above 0.1 wt. %
platinum; however, catalyst aging decreased with increasing platinum
(93)content over the full range studied. Sinfelt et al. examined the 
effect of platinum content on n-heptane isomerization, n-heptane dehydro­
cyclization, methylcyciohexane dehydrogenation and methylcyclopentane 
dehydroisomerization. They concluded that over the range of 0.10 to
0.60 wt. % platinum the rate of isomerization was constant, the rate of 
methylcyciohexane dehydrogenation was proportional to Pt content, and 
the rate of dehydrocyclization increased by 75 to 100% at both 880 and 
980“F reaction temperature. Between 0.3 and 0.6 wt. % platinum the de­
hydroisomerization rate of methylcyclopentane increased only 10%. No 
reactions were observed with 0 wt. % platinum. Haensel^^^^^ also ob­
served that above 0.10 to .15 wt. % platinum no change in methylcyclo-
(31)pentane dehydroisomerization is observed. Hettinger et al. found 
that n-heptane dehydrocyclization rate increased as platinum content 
was raised to 1.0 wt. % and methylcyciohexane dehydrogenation activity 
increased up to 0.6 wt. % platinum.
Numerous researchers'” ) «6) (23) (52) (119) studied
platinum dispersion on the alumina base and its effects on reaction
(99)kinetics. Spenadel and Boudart found by hydrogen chemisorption that 
one hydrogen atom is adsorbed by a fresh platinum-on-alumina catalyst 
for each platinum atom present. This adsorption was almost instantaneous 
at 250°C. They also concluded that all platinum atoms were exposed and 
were present either as two-dimensional clusters or as small crystallites 
composed of one or two unit cells with a total size less than 10 Â.
Mills and c o - w o r k e r s m a d e  an extensive study of platinum dispersion
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and agglomeration. They reached the same conclusions as Spenadel and 
Boudart using CO, 0^ and CgHg chemisorption. They also studied the
effects of many variables on platinum crystal growth during catalyst re­
duction and regeneration and found that activity for cyclohexane dehy­
drogenation decreases rapidly as platinum crystal size increases. They 
found also that only a fraction of the platinum is available for dehy­
drogenation on a carbon containing catalyst removed from a commercial 
reformer. Johnson and Keith^^^^ studied the oxidation states and dis­
persion of platinum on alumina and concluded that platinum mobility was 
greatest in the oxidized state.
Maat and Moscou^^®^ studied the effect of platinum crystal 
growth on the n-heptane reforming selectivity of the Pt-AlgOg catalyst. 
They concluded that dehydrocyclization decreases greatly and the sum of 
isomerization and hydrocracking are essentially constant as platinum 
crystallite size is increased.
B o u d a r t a n d  o t h e r s h a v e  looked in detail at 
the surface structure of platinum crystals and its effects on the reac­
tions that take place. Reactions that are affected by surface geometry 
are classified as "structure sensitive" and those that are independent of 
surface structure are called "facile" reactions.
The role of the catalyst base on the state and activity of sup­
ported platinum has been studied extensively. Alumina, which also serves 
as an acid component, is the most common base for reforming catalysts. 
Silica-alumina also serves this function but has considerably higher
acidity. Silica and carbon black are bases commonly used when no acidity
(15)is desired in the support. Ciapetta and Wallace reviewed work in 
this area. Platinum dispersion was found to be much better on a high
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surface area base such as alumina compared to a silica base or a silica-
(3)alumina base. Anderson reported that both platinum and palladium 
were very sensitive to sintering on a carbon support and that only 
nickel remained well dispersed on this base.
b. Acidic Component
The acidic component of the Pt-AlgOg reforming catalyst is nor­
mally associated with the alumina base and in particular, with the 0.3- 
1.5 wt. % chloride deposited on the alumina base during platinum impreg­
nation. Catalyst acidity usually controls the overall activity of the 
reforming c a t a l y s t . R e a c t i o n s  involving the breaking of carbon- 
carbon bonds are generally associated with the acidic function. These 
include paraffin and naphthene isomerization and paraffin cracking.
The alumina base used in most commercial Pt-Al^O^ reforming 
catalysts is either the eta or gamma type.^^^^ The alumina itself con­
tains a certain amount of acidity and has been the subject of numerous 
studies. The many forms of alumina, their preparation, and characteri­
zation were reported by Stumpf et a l . Maclvers and co-workers 
investigated the catalytic properties of chloride-free eta and gamma 
alumina and found eta alumina more active for acid type reactions. How­
ever, the gamma alumina base is better able to retain its surface area 
with high temperature aging.
The halogen content of the alumina base is essential to the
activity of a Pt-Al^O^ catalyst. Both chloride and fluoride are used. 
(14)Ciapetta reports very large increases in activity for cyclohexane 
isomerization to methylcyclopentane and n-heptane isomerization to iso­
heptanes as the chloride content of a Pt-AlgOg catalyst is increased
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from .06 to 1.2 wt. %. However, at the high chloride level a large 
amount of paraffin cracking was noted. For the methylcyclopentane de- 
hydrolsomerlzatlon to benzene, Haensel^^^^^ reports that the benzene 
product Increases from 25% at .05% fluoride to 71% at 1.0% fluoride on 
a 0.3 wt. % platlnum-on-alumlna catalyst. In another study^^^^^ low 
chloride (~0.3 wt. %) decreased dehydrocyclization activity and high 
chloride levels (0.8-1.2%) Increased hydrocracking and coke formation 
leaving 0.3 to 0.7 wt. % chloride as an optimum level.
The mechanism by which the chloride catalyzes the carbon-carbon 
scission reactions of Isomerization and cracking has been the subject of 
many Investigations. The generally accepted theory Is that acidic sites 
on chloride-free alumina are Lewis a c i d s . A  study by 
Tanaka and Ogasawara^^^^^ and reviewed by Ciapetta and Wallace^^^^ con­
cludes that the HCl produces new hydroxyl groups which act as Bronsted 
acid sites on the alumina. Haensel^^^^^ reviewed a later theory that 
surface halogen atoms polarize and break an -Al-0- bond by "Induction" 
from a neighboring alumina atom. The halogen either strengthens the 
Lewis acid properties of the Al^ or converts It to a Bronsted acid site 
In the presence of HCl or HgO.
c. Dual Function Behavior
The literature reveals a strong dependence of reactions such as 
naphthene dehydrogenation on the amount of metal hydrogenation- 
dehydrogenation function, as well as a similar dependence of other reac­
tions such as Isomerization and cracking on the amount of acidic function 
on a reforming catalyst. However, numerous researchers have observed 
that both of these functions must be present simultaneously for adequate
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overall reforming activity and selectivity.
Both S i n f e l t a n d  Sterba and Haensel^^^^^ have observed that 
for varying levels of platinum content above 0.1 wt. %, no change occurs 
in the acidic function reactions of n-heptane isomerization or methyl­
cyclopentane dehydroisomerization on a Pt-AlgOg reforming catalyst. 
However, upon going one step further and reducing platinum concentration 
to zero, Sinfelt found complete loss of activity for acidic type 
reactions. Haensel^^^^^ observed a similar large loss in methylcyclo­
pentane dehydroisomerization as platinum content was reduced in steps 
from 0.1 wt. % to .012 wt. %. Both authors concluded that the initial 
reaction step is the metal site formation of an olefin from the corre­
sponding paraffin or cyclo-paraffin. The olefin then migrates to an 
acid site where isomerization takes place via the carbonium ion mechanism. 
The olefin next migrates back to a metal site for hydrogenation to a 
paraffin (n-heptane reaction) or further dehydrogenation (methylcyclo­
pentane reaction) to form benzene. Myers and Munns^^^^ also proposed 
this type reaction for hydrocracking of n-heptane.
Nix and Weisz^^^^ demonstrated directly the dual function nature 
of n-heptane isomerization using physically separate metal and acid com­
ponents in a fluidized bed. The metal component was a chloride-free 
Pt-AlgOg and the acid component a silica-alumina fluid catalytic crack­
ing catalyst. Separately neither component catalyzed the formation of 
isoheptanes, but when mixed, 24% isoheptanes were formed. They also 
found that adequate diffusional flow and maximum mixed catalyst perfor­
mance could only be obtained with component particle sizes smaller than 
100 microns. Silvestri et al.^^^^ made a similar demonstration of the 
feasibility of a dual function mechanism for n-heptane dehydrocyclization
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using a physical mixture of platlnum-on-carbon and alumina,
d. Catalyst Deactivation and Poisoning
The main source of deactivation for catalytic reforming cata­
lysts Is carbon deposition. Myers et a l . proposed that carbon depo­
sition was simply a side reaction on the reforming catalyst whereby de- 
hydrogenatlon products from platinum sites polymerized on the acid 
sites. The reactions are at an equilibrium determined by feedstock and 
process conditions and both adsorbed coke and partially polymerized coke 
Intermediates control reforming activity. They studied the effects of 
various pure compounds on catalyst aging and found that multi-ring
aromatics and cyclopentane have high deactivation rates compared to
(91)toluene and C^-Cy paraffins. Sinfelt also treated catalyst deacti­
vation as an equilibrium between oleflnlc Intermediates, polymerized 
surface residue, and carbon. He found that several Isomerization reac­
tions were Increased rapidly with Increasing hydrogen pressure below 
5-6 atmospheres and decreased at higher pressures. He concluded that at 
low pressures the role of hydrogen Is to keep platinum sites free of 
surface residues via hydrogenation reactions. In general, low hydrogen 
partial pressure, high oil partial pressure, high temperature, high con­
version and high boiling feedstocks Increase the rate of catalyst carbon
deposition and deactivation. (88)
A common poison of the platinum function on a Pt-AlgO^ reforming 
catalyst Is sulfur. Ciapetta and W a l l a c e r e v i e w e d  a number of 
studies of this effect. It was found that the activity for dehydrogena- 
tlon of cyclohexane to benzene decreased linearly with the sulfur con­
tent of the catalyst. Although sulfur Is normally considered a
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temporary poison, Its suppression of the metal site hydrogenation-
dehydrogenation activity over an extended period Is reported by Cla- 
(14)petta to result In some permanent deactivation— probably due to coke
formation. He also reported very drastic effects on reformer yields for
0.17 wt. % feed sulfur, much smaller effects at .01 wt. % sulfur, and no
effect at usual refining operation of less than 30 ppm. Both Clapetta^^^^
and Pfefferle^^^) suggest that an optimum sulfur level exists. Somor- 
(97)jal suggests platinum crystal surface structure modifications as the 
mechanism for sulfur poisoning.
The main poisons of the acid sites of a catalytic reforming cata­
lyst are compounds that either neutralize the acidity or remove the halo­
gen component. Nitrogen compounds In the reformer feed are readily con­
verted to the base ammonia which has been shown to be a temporary poison
of acidic site r e a c t i o n s . F o r  this reason reformer feed nitrogen
(14)Is usually held below 1 ppm. Alkali metals such as sodium and potas­
sium are much less likely to be present In a catalytic reformer feed but 
have been shown to be effective In neutralizing catalyst acidity.
The presence of water Is known to enhance the acidity of a reforming
catalyst resulting In excessive hydrocracking. However, continued ex­
posure to water tends to strip the chloride off the catalyst leading to
an eventual loss of a c i d i t y . A  usual feed water level Is 5 to 
(14)10 ppm. In some commercial units a small amount of chloride Is
added continuously with the feed^^^^^^^^ to compensate for losses.
Other poisons of the Pt-AlgOg reforming catalyst Include arsenic, 
lead, mercury, copper, and carbon monoxide.
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3. The Rhenium Promoted Platinum-Alumina Catalyst
In 1969, Chevron Research Company announced Its rhenium promoted
(32)(120)Pt-AlgOg catalyst. Advantages for this catalyst included im­
proved maintenance of both activity and selectivity. Cycle times between 
regeneration were increased by a factor of 2 to 4, and loss in selec­
tivity to desired products during a given cycle was very small compared 
to that of conventional Pt-AlgOg catalyst. Since Chevron's announcement 
several other companies have announced their own versions of this cata­
l y s t . I n  addition, numerous patents have been issued for 
various catalyst regeneration procedures and start-up pretreatments to 
enhance catalyat performance.(124)(125)(122)(121)(129)(128)(126)
New commercial data and extensions of catalytic reforming due 
to the Pt-Re-AlgOg catalyst continue to be published.
Blue and co-workersrecently reported on a most interesting applica­
tion of Pt-Re-AlgOg catalyst. It involves low pressure, high conversion 
reforming of paraffinic streams. Their applications include an Arabian 
light straight run C^-Cy naphtha cut containing 80 vol. % paraffins and 
an aromatics extraction plant C^-Cy raffinate containing 93 vol. % paraf­
fins. Severity was as high as 95 vol. % Cy paraffin conversion with the 
objective of maximum aromatics production. These data are of interest 
since they illustrate reforming of highly paraffinic Middle East naphtha 
that is rapidly replacing domestic naphthas. The use of aromatics ex­
traction combined with catalytic reforming of narrow paraffinic cuts 
illustrates a direct application of the results of the study herein 
discussed.
The Pt-Re-AlgOg catalyst does require some special treatment. 
Refiners must hydrotreat the naphtha feed to keep sulfur below 1-2 ppm
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(120)(75)(127)
The improved performance of the Pt-Re-AlgO^ catalyst over 
Pt-AlgOg is reported by Blue^^^ to be due to both lower coke formation 
and better selectivity at high coke levels. Blue attributes the im­
proved yield stability to a maintenance of a high ratio of paraffin de­
hydrocyclization to hydrocracking. Selman^^^^ studied the dehydroiso­
merization of methylcyclopentane to benzene on both Pt-AlgOg and 
Pt-Re-AlgOg catalysts and found that the Langmuir-Hinshelwood hydrogen 
adsorption rate constant was much larger for the rhenium promoted cata­
lyst indicating that a lower fouling rate might be due to displacement
(35)of coke precursors by hydrogen. Johnson and LeRoy studied the state
of rhenium in the Pt-Ba-AlgOg catalyst. They found that upon reduction
by hydrogen the rhenium changes from a +7 to a +4 oxidation state. They
propose that the reduced fouling noted for rhenium promoted catalysts is
+4due to the high hydrogenation activity of this Re oxide.
Several other reports on rhenium promoted catalysts are worth
mentioning. Pavlov and Levinter^^^^ studied the effect of rhenium and 
platinum concentration on a Pt-Re-AlgO^ catalyst. Their optimum cata­
lyst for n-heptane reforming at atmospheric pressure contained 0.15% 
rhenium and 0.45% platinum. Rouschias^^®^ recently reviewed in detail 
the chemistry of rhenium compounds and complexes. Bolivar and co-
/g\
workers found that platinum strongly activates the reduction of RCgOy 
on a Pt-Re-AlgOg catalyst.
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4. Other Reforming Catalysts
The literature contains catalysts too numerous to mention for 
the various reforming reactions. Therefore the discussion here will 
center on those catalysts used for studying the reforming reactions of 
n-heptane or other paraffins.
Nearly all catalysts reported In the literature for catalytic 
reforming reactions Include a transition metal hydrogenation- 
dehydrogenation component supported on some type of base. Usually the 
base, such as alumina plus chloride, provides any necessary acidic func­
tion. However, for some catalysts such as transition metal oxides no 
base Is used and both acidic and metal sites are supplied by the same 
component. Of the transition elements, the Group VIII metals have been 
found to be particularly active for hydrogenation-dehydrogenation reac- 
tlons.(92)
The reforming reactions of n-heptane were studied by Mlnachev 
et over Pd, Pt, Rh, and Ru on SlOg. Mlnachev^^^^ also
studied the same reactions over the lanthanide oxides (La, Nd, Sm, Gd,
Ho, Er, Yb, Tb, and Y). In a similar study on the unsupported lantha­
nide oxides, Markov^^^^ found that activity for n-heptane cycllzatlon 
Increased with the atomic number of the lanthanide. Oxides of Ce, V, 
and Th were also compared.
(12)Carter and co-workers studied the reactions of n-heptane 
over the metal powders of Pd, Rh, Ru, Pt, and Ir. Only Pt showed rea­
sonable selectivity to C^ products.
(31)Hettinger and co-workers compared the dehydrocyclization 
activity of a number of metals and oxides on alumina and ranked them In 
Increasing activity as CrgOg, MoO^, Pd, Rh, Ir, and Pt. Lyster and
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(47)Prengle made an extensive study of heptane dehydrocyclization over 
platinum and platinum-chromia supported on five different alumina bases 
and two zeolite bases. Of the platinum catalysts the chi alumina base 
showed the best dehydrocyclization activity.
Shuikin^^^^ studied n-heptane reforming on Pt, Pd, Rh, and Ru on 
both alimina and silica bases and found dehydrocyclization to be decreas­
ing in the order given. Nehring and Drycr^^^^ studied the effect of ZnO, 
TiOg, MgO, SiOg, charcoal, and AlgO^ bases for supporting platinum for 
the dehydrocyclization of n-heptane and found AlgOg to be best.
The reactions of n-heptane over CZgOg-AlgOg catalysts have been 
extensively s t u d i e d . T h i s  catalyst shows particularly high 
selectivity for dehydrocyclization at atmospheric pressure.
Other catalysts used for n-heptane reforming include:
N i - Z n o (4° ) ( 115)^  Mb-AlgOgfGS), MOgOg-AlgOgĈ S), VgOg-AlgOĝ ?]), 
Pd-AlgOgf^?), FegOg-AlgOgf^G)^ Pt-Au-SiCg^ll^).
In other more specific studies: the hydrogenation activities of
Tc, Re, Ru, Pt, and Pd were compared^^^^; Sinfelt^^^^ compared the hy­
drogenation activities of Fe, Co, Ni, Ru, Rh, Pd, Ir, and Pt on silica 
and found that activity varied with percent d-character of the metallic 
bond; Giapetta^^^^ compared the relative dehydrogenation activities of a 
number of catalysts and ranked them in order of increasing activity as 
CrgOg-AlgOg, MoOg-AlgOg, Ni-Al̂ Ô , Ni-SiOg-AlgÔ , Co-AlgÔ , Ir-AlgÔ ,
Pd-Al^Oj, Ni-SiOg, Rh-Al^O^, Pt-SiOg-AlgOg, and Pt-AlgO^.
(92)Sinfelt concluded that the most active catalyst results when 
chemisorption of the reactant is very fast but not very strong. A very 
strongly held reactant will fully cover the catalyst structure but will 
not react. He also found that the activity patterns among Group VIII
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metals depend upon the type reaction involved.
C. n-Heptane Reforming Reaction Mechanisms
As discussed earlier In this and the previous chapter the re­
forming reactions of paraffins are becoming Increasingly Important as 
reformer severities are pushed upward and the highly paraffinic Middle 
East naphthas make up a larger portion of the catalytic reformer feed. 
Studies by S i n f e l t h a v e  shown that the reactions of n-heptane are 
much more typical of the average Cg to naphtha paraffin than those 
of n-hexane.
Previous kinetic studies on the reforming reactions of n-heptane 
over Pt-AlgOg catalysts are very limited. Reports of kinetic studies 
with n-heptane over Pt-Re-AlgOg catalysts could not be found. A de­
tailed study on Pt-AlgO^ catalyst was made by L y s t e r . H o w e v e r ,
only low conversion differential rate data were obtained. A similar
(fiT.')Initial rate study was made by Nagata. Nagata used commercially
equilibrated catalyst. Lyster used fresh catalyst with extremely short
run times (10 hours) which could give non-characterIstic selectivity
and possibly lead to false conclusions about reaction mechanism. The
only detailed Integral reactor data on n-heptane reforming were reported
(31)by Hettinger et al. In 1955 for a Pt-AlgO^ catalyst. Due to use of
commercial 1/16" particles some diffusion limitations were observed in
this study. Later, these data were fit with a seml-emplrlcal model by
(39)Krane and co-workers. General reaction schemes for n-heptane re­
forming have been presented by K u g e l m a n s , Mahoney^^^^, Hettinger 
M c H e n r y N i x  and Welsz^^^\ Blue^^\ Hennlngsen^^^^, and Lyster 
These generally are represented by the following form excluding low








This section will examine proposed mechanisms for the reactions shown
in the above scheme.
The individual reactions of n-heptane have been the subject of
numerous mechanism studies. Up until the early 1960's most of these
were atmospheric pressure studies of the reactions over metal oxide and
supported metal oxide catalysts, primarily CrgOg and CZgOg-AlgOg. These
were the subject of several reviews.
In the past decade mechanism studies have been centered more on
the supported metal catalysts such as Pt-AlgO^. Unfortunately, many
workers have continued to perform their mechanism studies at atmospheric
pressure. Experimentally, atmospheric pressure is often used because it
greatly simplifies bench scale experimental equipment and procedures.
Commercially, however, operation at 10 to 30 atmospheres is required to
obtain satisfactory performance.
Haensel^^^) has observed that " . . .  a different catalyst and
completely different experimental conditions may cause a different
(19)mechanism to occur during catalytic reforming." Studies by Davis 
(78)and Rohrer et al. have shown that at low pressure, very rapid 
hydrogen-partial-pressure-sensitive coking of the catalyst active sites 
occurs and has a significant effect on catalyst selectivity. A study by 
Nix and Weisz^^^^ and a very interesting recent study by Tanatarov et
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a l . have shown that at low pressure the metal component
hydrogenation-dehydrogenation sites are selectively poisoned compared to 
the acid sites. Based on these observations much more emphasis will be 
placed on mechanism studies performed near commercial reforming condi­
tions .
1. Paraffin Dehydrocylization.
The exact mechanism of paraffin dehydrocylization has been and 
continues to be a source of controversy in the literature. As previously 
mentioned, however, numerous workers have shown that this reaction de­
pends strongly on the platinum content as well as the platinum dispersion
of the refomlng c a t a l y s t .  (31) (48) (65)
For the atmospheric pressure dehydrocyclization of n-heptane over
catalysts, the initial formation of an olefin intermediate
was demonstrated and Cg ring closure was postulated to occur by two point
adsorption of heptene-1 at the double bond. The relative rates of cycli-
zation of various paraffins were well predicted based on the number of
(91)ways ring closure of a given molecule could occur by this mechanism.
For Pt-AlgOg catalysts, however, the literature contains no con­
clusive evidence that a vapor phase olefin intermediate is required 
prior to cyclization of n-heptane. Numerous w o r k e r s h a v e  
obseirved heptanes in the reaction products of n-heptane reforming. These
are thought to be intermediates in cracking and isomerization reactions
(13)as will be discussed later. Christoffel et al. concluded that vapor
phase olefins are not intermediates in the reforming of n-hexane to ben­
zene over Pt-AlgOg (no chloride). They compared the dehydrocyclization 
products of n-hexane with 1-hexene and 2-methylpentane with
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2-methyl-l-pentene and observed lower rates of ring closure with the re­
spective olefins. Usov and c o - w o r k e r s i n  studying the dehydrocycli­
zation of n-heptane and n-octane at low pressure concluded that the de­
hydrocyclization to aromatics and dehydrogenation to olefins were paral­
lel reactions. Since both olefin formation and ring closure occur on 
platinum sites the existence of an intermediate olefin for ring closure 
would be important only if different types of Pt sites were responsible 
for the two reactions.
The existence of both ring and Cg ring intermediates has been
postulated for n-heptane dehydrocyclization. Both have been observed in
the vapor p h a s e . S i n c e  valuable dehydrocyclization mechanism
data are available in the literature for both n-hexane and n-octane and
since useful mechanism data on n-heptane are limited, the approach here
will be to review all pertinent data on paraffin dehydrocyclization.
The relative rates of dehydrocyclization at 880“F for these three





For dehydrocyclization of n-hexane and 2-methylpentane Christof-
(13)fel observed that both mechanisms occurred on a Pt-AlgO^-Cl catalyst. 
Dautzenberg and Platteeuw^^^^ concluded that only Cg ring formation pro­
duced benzene on a chloride-free Pt-AlgO^ catalyst with each of the same 
two feeds. In the latter study, the ring methylcyclopentane was 
formed but the lack of acidic sites prevented dehydroisomerization to 
form benzene.
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For n-heptane dehydrocyclization most of the mechanism data are 
based on atmospheric pressure studies. Davis studied ring closure
using n-heptane labeled with in the 1 and 4 positions over a non-
acidic Pt-AlgOg catalyst. Based on the amount of in the methyl po­
sition, he concluded that the mechanism involved direct six-carbon ring 
closure. However, his use of non-acidic alumina would prevent the de­
hydroisomerization to toluene of any Cg rings formed.
The literature contains much more reliable dehydrocyclization 
mechanism studies based on n-octane. For this feed component the distri­
bution of the four Cg aroraatics can give valuable information on the 
mechanism of the ring closure reaction. Most of the work on octane aro- 
matization indicates that the predominant mechanism is Cg-ring closure.
In studies at 5-20 atm. Levitskii^^^^ observed mainly o-xylene and 
ethylbenzene which are the only products expected from Cg-ring closure. 
Vlasov et a l . studied n-octane aromatization at atmospheric pres­
sure. They observed some m-xylene and p-xylene in their product. How­
ever, they demonstrated using both xylene and alkylcyclopentane feeds 
that, at their conditions, isomerization of xylenes did not occur and 
that their observed product distribution could not have resulted from 
cyclopentane intermediates. They concluded that the m-xylene and p-
xylene resulted from the isomerization of n-octane prior to dehydrocyli- 
(22)zation. Fogelberg reached the same conclusion for n-Cg aromatiza­
tion and went one step further by predicting the observed xylene distri­
bution using the composition of a Cg isomer mixture at equilibrium.
The dehydrocyclization of isoparaffins is assumed by most 
authors to proceed via the same mechanism as normal paraffin ring 
closure. However, for a given molecular weight, the isoparaffin has
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fewer combinations of six carbon atoms in a row and according to the 
theory of Herrington and Rideal,^^^^ the rate of ring formation is less. 
L y s t e r f o u n d  that the dehydrocyclization rate of 3-methylhexane was 
90%, and of 2,4 dimethyIpentane, 22% of that of n-heptane. Sinfelt and 
Rohrer^^^) observed that the ring closure rate for 3-methylhexane was 
70% of that for n-heptane and that the rate for 2,2,4-trimethyIpentane 
was 25-30% of that for n-octane.
Recently, Usov and IL'in^^^^^ made a comprehensive study of the 
dehydrocyclization reactions of the isoheptanes at atmospheric pressure 
over both acidic and low acidity Pt-AlgOg catalysts. They found that on 
both catalysts, the predominant path for dimethylpentanes or 3-ethyIpen­
tane is five carbon ring closure. For the low acidity catalysts, ring 
dehydroisomerization of these particular isoheptanes was severely 
limited. By comparing toluene yield from the methylhexanes over acidic 
vs. low-acidity catalysts, they observed that 50-75% of the toluene was 
formed by six carbon ring closure. The fraction formed by five carbon 
ring closure increased with increasing temperature and conversion and 
was greater for 2-methylhexane than for 3-methylhexane. The rate of 
3-ethylpentane dehydrocyclization was about the same as that of 2- 
methylhexane but the rate for 2,4- and 2,3-dimethylpentane was much 
lower.
The literature reviewed indicates that the percent aromatization 
via a six carbon ring increases rapidly from about 50% for n-hexane to 
100% for n-octane. Based on the overall rates of dehydrocyclization re­
ported, it is reasonable to assume that dehydrocyclization of n-heptane 
is much closer in mechanism to n-octane than n-hexane. Molecular struc­
ture and reported rates of dehydrocylization indicate that methylhexanes
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appear to be closer to n-hexane in dehydrocylization mechanism. Any 
aromatization of ethylpentane or dimethylpentanes would require a five 
carbon ring intermediate.
Once formed, the six carbon ring intermediate methylcyclohexene 
or methylcyciohexane reacts rapidly on platinum metal hydrogenation- 
dehydrogenation sites to form toluene. Numerous researchers 
have observed that this reaction goes very selectively to completion at 
conditions required to promote significant ring closure.
The five carbon ring does not react as rapidly or as selectively
(31)as the six carbon ring. Hettinger et al. observed that methylcyclo- 
hexane dehydrogenation was seven times as fast as dimethylcyclopentane 
dehydroisomerization. They found that aromatization of dimethylcyclo- 
pentanes was limited by ring isomerization and that this rate was ap­
proximately equal to the rate of iso/normal paraffin isomerization.
(38)Kuelemans and Voge studied the relative rates of cyclopentane homo­
log dehydroisomerization and found that the ethylcyclopentane reaction 
was much more rapid than those of dimethylcyclopentanes and that the 
relative reaction rates of these and other cyclopentanes were well pre­
dicted by carbonium ion isomerization. Usov and IL’in^^^^^ also found a 
much higher rate for the dehydroisomerization of ethylcyclopentane com­
pared to the 1,2- and 1,3-dimethylcyclopentanes. They found that in the 
absence of catalyst acidity very little dehydroisomerization occurred 
and a large buildup in the concentration of cyclopentanes and cyclopen- 
tadienes was observed. Sterba and Haensel^^^^^ clearly demonstrated 
that the conversion of raethylcycIpentane involved formation of a methyl­
cyclopentane intermediate on a metal site, isomerization of the methyl­
cyclopentane to cyclohexane on an acid site, followed by dehydrogenation
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to benzene on a metal site.
Based on the available literature data, the following is the 
assumed mechanism for heptane dehydrocyclization on Pt-AlgOg catalysts:
(1) Adsorption of heptane on a platinum metal hydrogenation- 
dehydrogenation site (or sites) with removal of one or more 
hydrogen a*-,oms.
(2) Heptane ring closure:
(a) n-heptane ring closure occurs on the same site(s) pri­
marily via six carbon ring closure with some closure by 
a five carbon ring.
(b) methylhexane ring closure occurs on the platinum site(s) 
by both five and six carbon ring closure.
(c) dimethylpentane ring closure occurs on the platinum 
site(s) only via five carbon ring closure.
(3) Intermediate ring reaction to form toluene:
(a) any five carbon rings formed are adsorbed on Pt sites 
as dimethyl- or ethylcyclopentenes and are converted 
to toluene by:
(1) isomerization of the five carbon ring olefin to a 
methylcyclohexene on nearby acid site(s)
(2) rapid dehydrogenation of the methylcyclohexene to 
toluene on platinum metal site(s)
(b) any six carbon rings formed are adsorbed on the platinum 
site(s) as methylcyclohexene and are dehydrogenated to 
toluene on the same or some nearby platinum site(s).
Schematically, the dehydrocyclization reactions are shown as follows:
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; MCh “ Toi
NC^;S=±: NC7 1:ACP
MH T- MH
;MCH ^ = 2 =  Toi
J LAGP
MCH = = = :  Toi
IAP ? 5 = ^ A P  ^ = = 2 :  AGP
where NG^ = n-heptane
MH = methylhexanes




= superscript denotes mono-olefin
2. Paraffin Isomerization
Paraffin isomerization is a dual site reaction associated mainly 
with the acid sites of the reforming catalyst. As previously discussed, 
several researchers have shown that reducing the chloride content of the 
catalyst base decreases its activity for i s o m e r i z a t i o n . (101) 
Others have also observed that except for a minimum requirement of 
platinum (0.1 wt. %) isomerization activity is independent of the 
hydrogenation-dehydrogenation c o m p o n e n t s . (101)
The generally accepted mechanism for paraffin isomerization in­
volves dehydrogenation to form an olefin on a metal site, isomerization 
via a carbonium ion mechanism on an acid site, and hydrogenation of the
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(QO)olefin isomer on a metal site.' ' For n-heptane it may be described as
follows :
Pt




+ I +C—c-c—C-C-C 4 ---- C“ C—c-c-c-c-c1 Acid Site 
c Pt c
I IC=c— C— C—C—C — -- >1 c—c— c— c— c— c
A second, less important mechanism involving only metal sites
and a five carbon ring intermediate, has been postulated and demonstrated
by Barron et a l . for paraffin isomerization with a non-acidic Pt-Al20g
catalyst. In essence, this mechanism involves ring closure to a five
carbon ring on a metal site followed by the reverse ring opening reaction
at a different carbon-carbon bond yielding an isoparaffin. However, the
contribution of these reactions is considered small compared to that of
acid size isomerization.
Haensel and D o n a l d son,Hettinger et al.,^^^^ and Sinfelt^^^^
studied the heptane isomerization reaction. All found that 70-95% of
the Cy isomers were 2- and 3-nethylhexanes with dimethylpentanes making
up the remainder. These results agree reasonably well with equilibrium
(31)predictions. Hettinger et al. observed that isomerization selec­
tivity was relatively insensitive to temperature and pressure. They
also found that the rate of isomerization was about twice that of dehy-
(39)drocyclization. Krane and co-workers observed a factor of three and
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(29)Henningsen and Bundgaard-Nlelson a factor of five for the ratio of 
isomerization to dehydrocyclization rate.
The effect of hydrogen pressure on n-heptane isomerization was 
f 78)studied by Rohrer et al. Isomerization rate increased with pressure
from 1 atm. up to about 5-6 atm. due to hydrogenation of hydrogen defi­
cient residues on the active sites. Above this level, increased hydro­
gen pressure caused a slight decrease in isomerization due to competi­
tion with heptane for active sites.
3. Paraffin Cracking
Paraffin cracking is similar to isomerization in two ways. It 
involves the breaking of a carbon-carbon bond and is generally accepted 
to occur by a carbonium ion mechanism on acid sites. As discussed ear­
lier in this chapter several r e s e a r c h e r s h a v e  demonstrated 
that the rate of cracking increases with the chloride content on the 
Pt-AlgOg reforming catalyst.
The mechanism of paraffin cracking proposed by most involves 
initial dehydrogenation on a metal site followed by carbonium ion crack­
ing of the olefin on an acid site and a final step of hydrogenation of 
the resulting cracked products oi 
illustrated as follows:
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This carbonium ion mechanism competes with the one described in the pre­
vious section for isomerization. The predominant product of carbonium 
ion cracking is C^'s and C^'s resulting from carbon-carbon scission near 
the center of the heptane molecule.
A second mechanism of cracking involves hydrogenolysis on metal 
sites. Sinfelt observed that for platinum and other Group VIII 
metals either on an inert support (silica) or unsupported, the product 
distribution varied from metal to metal. On platinum, cracking occurred 
equally at all carbon-carbon bonds, whereas on palladium and rhodium, 
the terminal carbon-carbon bond was selectively attacked.
Myers and Munns^^^^ investigated the cracking of pentane, hex­
ane, and heptane on both Pt-AlgOg and Pt-SiOg-AlgOg. They found that 
for pentane and hexane the products of cracking were consistent with a 
hydrogenolysis mechanism. With heptane, center cracking or the carbo­
nium ion mechanism was more pronounced; however, hydrogenolysis made a 
significant contribution. S i n f e l t , H a e n s e l  and D o n a l d s o n , a n d  
Sterba and H a e n s e l , i n  separate studies concluded that n-heptane 
cracking occurred via a carbonium ion mechanism.
The cracking of isoheptane is also assumed to occur by a car­
bonium ion mechanism. S i n f e l t f o u n d  that the rate of cracking of
3-methylhexane is 20 to 30% greater than that of n-heptane. Hettinger 
(31)and co-workers found that the ratio of hydrocracking to dehydro­
cyclization of isoheptanes was 1.5 compared to 0.8 for n-heptane. Since 
tertiary carbonium ions are more stable than secondary carbonium ions 
higher cracking rates are expected from isoparaffins than normal 
paraffins.
The effect of hydrogen partial pressure on the rate of n-heptane
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(95)cracking was investigated by Sinfelt and Rohrer. They found a
strong dependence at low pressures. At hydrogen pressures in the range 
of 17-20 atm. the rate of cracking was zero order with respect to hydro­
gen partial pressure. Sinfelt reasoned that at low pressures adsorbed 
carbonaceous material controls the reaction rate. As pressure is in­
creased the hydrogen prevents the formation of this material and hence 
allows more active sites for reaction. At higher pressures the hydrogen 
also begins to compete with reactants for active sites.
4. Composite Reaction Scheme
If the reaction mechanisms for each of the three principal 
reactions discussed in this chapter are combined, the composite reaction 
scheme shown in Figure 1 results. In this scheme, vertical a* d diagonal 
arrows denote reactions occurring on acid sites, and horizontal arrows 
denote reactions occurring on metal hydrogenation-dehydrogenation sites.
If the following simplifying assumptions are made the reaction 
scheme of Figure 1 reduces to that shown in Figure 2.
• The Cg-minus olefin-paraffin reaction is at equilibrium.
• The n-heptane-n-heptene, methylhexane-methylhexene, and 
dimethylpentane-dimethylpentene reactions are at equilibrium.
• The alkylcyclopentane-alkylcyclopentene and methylcyclohexane- 
methylcyclohexene-toluene reactions are at equilibrium.
The simplified reaction scheme is the basis for the kinetic model de­
veloped in Chapter IV.















AP = Gy alkylpentanes
Toi = toluene
Gg = cracked products
AGP = alkylcyclopentanes
MGH = methylcyclohexane
= superscript denotes mono-olefin
Figure 1. Detailed Reaction Scheme for the Catalytic Reforming 
of n-Heptane






NCy “ n-heptane 
MH = methylhexanes 
AP = Gy alkylpentanes 
Toi =■ toluene 
Gg = cracked products 
AGP = alkylcyclopentanes 
A denotes acid site
M denotes metal hydrogenation-dehydrogenation sites
Figure 2. Simplified Reaction Scheme for the Gatalytic 
Reforming of n-Heptane
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CHAPTER III 
EXPERIMENTAL EQUIPMENT AND PROCEDURE
A. General
The experimental equipment used for this research is located in 
the Petroleum Processing Laboratory of the Chemical Engineering Depart­
ment at Louisiana State University. This project was sponsored by Esso 
Research and Engineering Company (now Exxon Research and Engineering 
Company) under the direction of Professor Alexis Voorhies, Jr.
The equipment consists of two identical bench scale pilot plants 
located in a walk-in hood. The equipment was designed and first used by 
Dr. P. A. Bryant, one of the original members of this project. Numerous 
modifications and additions to the equipment have been made by subse­
quent members of the project. Esso Research Laboratories (now Exxon 
Research and Development Laboratories) in Baton Rouge, Louisiana, sup­
plied the necessary equipment and constructed these pilot plants. Most 
chemicals, supplies and unusual equipment maintenance were also supplied 
by the Esso Research Laboratories.
B. Experimental Equipment
The equipment consists of a liquid and gas feed system, an iso­
thermal reactor, a liquid and gas product recovery system, process con­
trol instruments, and analytical instruments. All equipment except feed 
pumps and instruments are located on pallets in the walk-in hood. All 
process lines and vessels are made of 304 stainless steel. A schematic
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diagram of the equipment is shown in Figure 3.
1. Liquid Feed System
Each pilot unit has two high pressure positive displacement, 
syringe-type pumps manufactured by Ruska Instrument Corporation, Houston,
3Texas. Each pump has a capacity of 250 cm and can deliver feed at rates
3from 2 to 240 cm /hr depending on gear ratios selected in the pump drive.
3The pump is filled from a 250 cm buret.
2. Gas Feed System
Gas feed to the unit includes both hydrogen and nitrogen. Nitro­
gen is used only for start-up purging and drying. The gases are brought
inside from cylinders and regulators outside the building by 1/4" stain­
less steel tubing. The nitrogen is passed through a 4A molecular sieve 
dryer followed by indicating Drierite. To remove any traces of oxygen, 
the hydrogen is passed through a bed of palladium on high-surface-area 
alumina catalyst at 400°F followed by a 4A sieve dryer and indicating 
Drierite. A regulator on each gas controls upstream pressure to the gas 
flow control valve and measuring device.
Hydrogen flow to the unit is monitored with a Foxboro integral 
orifice pneumatic differential pressure cell and a Foxboro flow 
indicator/controller. Flow is controlled by either a 1/4" micrometer 
manual needle valve or a 1/4" air operated Research Control Valve con­
nected to the Foxboro controller. Control valve downstream pressure is 
set with a Grove "Mity Mite" back pressure regulator. Nitrogen flow for 
purging and drying is controlled by a manual valve and indicated by a 
rotometer.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
52
3. Reactor
The downflow fixed bed reactor is suspended in a sandbath for 
accurate temperature control as shown in Figure 4. A flow of air 
through a porous plate at the bottom of the sandbath fluidizes a bed of 
silica-alumina particles surrounding the reactor and this air exits 
through a porous frit at the top of the sandbath. The sandbath is 6 
inches in diameter and about 25 inches high with six 500 watt strip 
heaters attached around its outside wall and covered by insulation.
Three of the heaters are on manual rheostat control and the other three 
are on automatic control. The sandbath provides very uniform temperature 
control from top to bottom of the reactor as well as very rapid heat 
transfer due to the excellent mixing characteristics of the fluidized 
bed. A sandbath thermowell containing several iron-constantan thermo­
couples is used for monitoring and controlling sandbath temperature.
The reactor is about 11 inches long with 7 inches catalyst bed 
height and is constructed from 1/2 inch schedule 80 inconel pipe. It is 
suspended by a steel rod from the sandbath cover plate. A temperature 
compensating "0" ring flange-type coupling (the D.S.D. Company of East 
Brandby, Connecticut) at the lower end of the reactor is used for charg­
ing and discharging catalyst. The reactor contains a 1/8 inch thermo­
well extending the length of the catalyst bed. It makes possible measure­
ment of any axial temperature profiles from bed inlet to outlet using a 
movable 1/16 inch sheathed thermocouple. A second sheathed 1/16 inch 
thermocouple enters the reactor side through a 1/4 inch Conax fitting 
near the middle of the reactor.
Liquid and gas feed mix just above the sandbath. They are pre­
heated in a coil of 1/8 inch tubing around the reactor just prior to































Figure 4. Cross Sectional View of Reactor in Fluidized Heating Bath
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entering the reactor top. They pass downward through the catalyst bed 
supported between two porous frits. Reaction products exit from the 
reactor bottom through 1/8 Inch tubing, leading from the sandbath top.
4. Product Recovery System
Product hydrocarbons and hydrogen pass through a Grove back­
pressure regulator which holds the desired pressure on the reactor. 
Gauges at both the reactor Inlet and outlet are used to measure this 
pressure. The total product next passes through a product accumulator/
3condenser vessel (2500 cm capacity) In an Ice bath.
Any uncondensed hydrocarbons exit with the hydrogen diluent from 
the top of the product accumulator through the back-pressure regulator 
that controls accumulator pressure at 9 pslg. At this point, a sample 
of the product gases Is diverted to both a gas density analyzer and a 
moisture analyzer. The product gas stream Is reduced to atmospheric 
pressure through a final back-pressure regulator which holds the 5 pslg 
pressure needed to force gas through the analyzers. The gas stream 
next passes a sample septum for taking GC samples and Is recombined with 
the gas stream from the analyzers. The total product gas Is next passed 
through a water saturator and finally measured In a wet test meter.
5. Instrumentation
Reactor sandbath temperature Is controlled by a Leeds and North- 
rup Electromax C.A.T. (current-adjusting-type) digital set point control­
ler with proportional and Integral modes of control. An Iron-constantan 
thermocouple In the sandbath thermowell provides the feedback tempera­
ture signal for the controller. Controller mllllamp current output 
drives a 220 volt phaser power controller (R.T. Controls) which supplies
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variable AC voltage to three of the six sandbath heaters. The other 
three heaters are controlled manually with a Powerstat (Superior Elec­
tric Co.) rheostat. Temperature is controlled to within 1-2°F over a 
range of 100 to 1000°F.
Pilot plant temperatures are monitored with a Leeds and Northrup 
Speedomax H Temperature Indicator accurate to ±1°F. Sandbath tempera­
ture is also recorded on a Foxboro pneumatic recorder (Model 58P4).
Inlet hydrogen flow is measured with a Foxboro Model 13A inte­
gral orifice differential-pressure cell, and recorded on a Foxboro Model 
59P4 strip chart recorder-controller. The hydrogen flow is controlled 
either manually with a micrometer needle metering valve or automatically 
by the Foxboro F.R.C. with an air-operated 1/4 inch Research Control 
Valve.
For overnight operation, the pilot unit is equipped with an auto­
matic alarm system that shuts off sandbath heat, stops the feed pumps 
and blocks out hydrogen feed due to low sandbath air pressure, low in­
strument air pressure, high sandbath temperature or low reactor pressure.
6. Analytical Equipment
Total product gas density is measured on the unit by routing a 
portion of this stream through a Beckman Model F3 Oxygen Analyzer modi­
fied to measure gas density. This instrument is calibrated daily with 
both hydrogen and nitrogen to give an accurate measurement range of from 
0 to 29 gas molecular weight.
Product gas moisture content is measured with a Meeco Model W 
moisture analyzer in parallel with the gas density analyzer. A range of 
0 to 1000 ppm water can be measured. It is used to detect water
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contamination of feed as well as to monitor catalyst drying during 
start-up.
Product gas and liquid hydrocarbon composition is determined 
using a F & M Scientific Corporation gas chromatograph model No. 810 
with a themal conductivity cell detector and helium carrier gas. The 
GC oven can either be operated isothermally or temperature programmed. 
Peak area is measured with both a disc integrator on a Honeywell Model 
Y1531 recorder as well as an Xnfotronics Model GRS-110 digital integra­
tor with paper tape recorder.
Two different columns were used to separate product components. 
The primary column was a twenty-foot long section of 1/4 inch aluminum 
tubing packed with Dow Corning DC-550. A secondary 1/4 inch, five-foot 
long column packed with 5A molecular sieves was used in series after 
the primary column to trap methane from gas samples. A multiport valve 
was used to rapidly route through or bypass the secondary column. For 
gas samples, the methane and hydrogen were trapped in the secondary 
column immediately after injection. The column was operated at room 
temperature until the n-pentane peak was observed. The oven was then 
programmed for a 10 minute operation at 50°C followed by a 6°C/minute 
increase to 175"C. After the toluene peak was observed the oven was 
lowered to room temperature where hydrogen and methane were released 
from the 5A molecular sieve column and the methane peak area recorded.
For liquid samples, the sieve column was bypassed. Temperature 
programming was the same as for gas samples except that the oven was 
held at the final 175°C until the Cg and C^Q aromatic peaks were ob­
served. The primary column with temperature programming separated the 
following components:


















Some heptane olefins and dimethylcyclopentanes were combined with the 
benzene peak and the remainder were combined with n-heptane and the iso­
heptanes. A separate analysis of selected products on a polar column 
at Exxon Research and Development Laboratories indicated less than 1.0 
wt. % olefins and slightly over 1.0 wt. % total cyclopentanes. The 
olefins that could be measured were mainly isoheptenes. Hydrogen con­
tent was obtained by calculation using product gas hydrocarbon composi­
tion and total gas molecular weight from the product gas densitometer.
C. Materials
1. Gases
Cylinder hydrogen was electrolytic grade (99.95%) and cylinder 
nitrogen was purified to 99.99%. As previously mentioned the hydrogen 
was deoxygenated over a palladium on high-surface-area alumina catalyst 
at 400°F and dried prior to use.
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2. Liquids
The n-heptane feed was Phillips pure grade (99 mole %). It was 
stored over 4A molecular sieve to remove any water.
The catalysts used In this study were equilibrated with a wide- 
cut virgin naphtha designed as WCVN. Its properties are tabulated In 
Appendix D.
3. Catalysts
The Pt-AlgOg and Pt-Re-AlgOg catalysts compared In this study
were obtained from batches manufactured commercially. Properties of
these catalysts are tabulated below:
Catalyst Pt-Al^O^ Pt-Re-Al^Oj
Platinum, wt. % 0.30 0.33
Rhenium, wt. % —  0.32
Chloride, wt. % 0.55 0.65
Pore Volume, cc/gm 0.52 0.51
Surface Area, m^/gm 183 218
Both catalysts were originally In the form of 1/16 Inch ex­




Catalyst activation serves to remove adsorbed water from the 
catalyst surface and reduce catalyst metals to the proper valence state. 
The commercial catalysts available for this study were In the form of 
1/16 Inch extrudates. These were crushed and screened to give a 40-50 
mesh (.297-.420 Inch particle diameter) particle prior to activation.
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Catalyst was activated in a horizontal Hevi-Duty tube furnace. 
Approximately 75 gm of catalyst was placed in a Vycor boat inside the 
2 inch Vycor furnace tube. Temperature was monitored by three thermo­
couples submerged in the catalyst bed. The catalyst was first dried by 
heating slowly to 1000°F under a flow of nitrogen. After 6 hours at 
1000°F the catalyst was cooled to 900°F under nitrogen. At 900“F the 
catalyst was reduced for at least 1 hour by switching from nitrogen to 
hydrogen. After cooling to about 350°F under nitrogen, the catalyst was 
discharged into a predried, nitrogen blanketed bottle, sealed, and 
stored in a nitrogen blanketed desiccator.
2. Catalyst Equilibration
Catalytic reforming catalysts are characterized by an initial 
period of extremely high activity which tapers off to a lined-out stable 
activity level. This initial period is also characterized by rapid 
changes in product selectivity. Commercially this lineout occurs in the 
first several hours, days, or weeks, depending on the severity of opera­
tion. Lineout is believed to be the result of rapid formation of an ini­
tial carbon level on the catalyst. This carbon is produced by, and sup­
presses some of the extremely active fresh catalyst active sites.
To perform a meaningful kinetic study it is essential to have 
stable catalyst activity and selectivity. In addition, for a kinetic 
study it is also important to operate in a regime of catalyst activity 
and, in particular, selectivity that is representative of commercial 
applications. Although catalyst deactivation is very interesting and 
the subject of numerous research studies, it is not desirable to combine 
this time variable with a kinetic study of process variables. For these
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reasons, the catalysts of this study were "equilibrated" or "lined-out" 
on a representative commercial naphtha feedstock at typical severe com­
mercial conditions for 60-160 hours.
To provide a uniformly equilibrated catalyst and to make optimum 
use of experimental time, several large batches of each catalyst were 
first equilibrated and then composited prior to the kinetic studies.
The catalysts were equlibrated with a wide-cut virgin naphtha described 
in Appendix D. Conditions were 900°F, 100 psig, 3400 standard cubic feet 
of hydrogen per equivalent barrel of feed, and 2 W/Hr/W space velocity. 
Product liquid had a Research Octane Number of 100-104 during this opera­
tion. Catalyst lineout was monitored by observing product gas density 
as well as periodic activity checks on n-heptane feed. Lineout required 
about 60 hours for the platinum catalyst and 120 to 160 hours for the 
platinum-rhenium catalyst.
The procedure for the equilibration runs is outlined as follows;
a. Reactor is charged under a nitrogen purge with 25 cc of pre­
viously activated and weighed catalyst.
b. Reactor is sealed and pressure tested in a water bath at 
200 psig with nitrogen.
c. Pilot unit and reactor are both flushed with nitrogen for 
1/2 hour.
d. Reactor is placed in 900°F sandbath under a purge flow of 
nitrogen, and tubing and thermocouple hookups to unit are 
completed.
e. The flow of nitrogen through the unit (including reactor) is 
continued while reactor interior temperature increases to 
900°F in 1 to 2 hours.
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f. Reactor is heated to 1000"F for a 1 hour nitrogen drying 
period.
g. After cooling to 900°F the catalyst is treated with hydrogen 
for one hour.
h. Reactor and unit are pressure tested under 300 psig hydrogen.
i. Hydrogen rates, temperature, and pressure are adjusted for 
start-up; the product accumulator is packed with wet ice, and 
feed pumps are charged with feed, and feed pump gears are 
adjusted for start-up feed rate.
j . Naphtha feed is started to the reactor at 5 times the normal 
rate and held at this rate (10 W/Hr/W) for one hour. This 
high feed rate, the corresponding high hydrogen rate, and re­
sulting lower reactor temperature (830°F versus 900°F average 
bed temperatures) keep conversion low and prevent severe exo­
therms due to cracking on the high activity fresh catalyst.
The first hour of operation at these conditions is sufficient 
to prevent exotherms in subsequent operation.
k. Naphtha feed is stopped for about 40 minutes while feed pumps 
are recharged, and hydrogen and pump rates are adjusted to 
nominal catalyst equilibration conditions.
1. Naphtha feed is restarted to the unit and every 11-12 hours 
it is stopped long enough to refill the two feed pumps and 
drain liquid from the product accumulator.
m. Catalyst activity is checked periodically during equilibration 
with a catalyst evaluation on n-heptane feed at 1.0 to 1.3 
W/Hr/W space velocity, 10 moles hydrogen per mole of n-heptane, 
200 psig, and 900°F reactor temperature. The procedure is as
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follows !
(1) Naphtha feed Is cut out and the catalyst Is allowed to 
strip with hydrogen for 2 hours while pump, gas rate and 
pressure changes are being made and all traces of naphtha 
feed and product are removed from the unit.
(2) The n-heptane feed is started to the reactor and after a 
1-1/2 hour lineout period a 1 hour material balance is 
made as described later in this section.
(3) The n-heptane feed is cut out, operating conditions are 
changed, and catalyst equilibration is resumed.
n. When the n-heptane test and product gas density from the 
naphtha operation indicate that the catalyst activity is 
lined-out, naphtha feed is stopped, and the catalyst is 
stripped with hydrogen until reactor exit gas density indi­
cates all hydrocarbons have been flushed from the reactor,
o. The reactor is depressured and flushed with nitrogen to clear 
all traces of hydrogen and then removed from the sandbath and 
cooled under a flow of nitrogen, 
p. Catalyst is discharged into a dried bottle under a nitrogen 
blanket in a glove bag.
For each catalyst, three equilibration runs were made and the 
discharged catalysts were composited and well mixed.
3. Kinetic Studies
All kinetic studies were made in an integral bed reactor at vary­
ing levels of conversion. Conversion was varied by changing feed rate 
over a given catalyst charge. Procedures for catalyst charging and
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start-up are similar for catalyst equilibration and subsequent kinetic 
studies. Catalyst charges varied between 6 and 13 grams for the kinetic 
studies. The 40-50 mesh (.297-.420 mm) catalyst charge was diluted and 
thoroughly mixed with a 50:50 mixture of 20-35 mesh (.500-.833 mm) and 
70-100 mesh (.149-.210 mm) mullite to bring the total catalyst charge to 
the 25 cc needed to fill the reactor. The diluent particle sizes were 
selected to permit separation of mullite and catalyst by screening at 
the end of each run. Both a high and low mullite particle range was 
picked 80 that average catalyst and diluent particle sizes were equal 
and segregation by particle size would be minimized due to a broad par­
ticle size distribution. All catalyst handling was performed under a 
üiy nitrogen atmosphere in a glove bag. The experimental procedures for 
the kinetic studies are as follows:
a. After the reactor is charged with the catalyst-mullite mix­
ture, steps b-i described previously under "Catalyst 
Equilibration" are carried out.
b. The catalyst is started up on naphtha for 1-2 hours at equili­
bration conditions to insure against exotherms due to coke 
stripping during step (a).
c. The unit is switched to n-heptane feed after flushing all 
naphtha from the system and changing operating conditions to 
those required for the kinetic study. Lineout on n-heptane
is followed by watching product gas density and taking product 
gas samples to monitor any composition changes. Initial line­
out usually required 4 to 6 hours. Lineout after subsequent 
changes in space velocity or pressure required a much shorter 
period of time. During this lineout, reactor axial
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temperature profiles are taken, an integrated average tempera­
ture calculated, and sandbath temperature adjusted to hold
integrated average temperature at specified level. Following
lineout material balances are made by the following procedure:
(1) To start a material balance, the product accumulator is 
drained and depressured. The balance starting time occurs 
when the accumulator drain valve is closed. At this 
point, key reactor temperatures, feed pump temperature, 
and reactor pressure are recorded.
(2) When the product accumulator returns to operating pres­
sure (9 psig) and product gas flow and density are lined- 
out, the product gas wet test meter (WTM) is read and 
time again recorded. Product gas density, moisture con­
tent, and WTM temperature are also recorded.
(3) Near the middle of the balance reactor axial temperature 
profile is measured, a stopwatch WTM rate is obtained for 
several minutes, and barometric pressure is recorded.
Also recorded are product gas density, and WTM tempera­
ture.
(4) Between the middle and end of the balance, a product gas 
sample is taken using a gas syringe and the GC analysis 
is begun.
(5) Near the end of the balance the WTM reading and time are 
again recorded as well as WTM temperature and product gas 
density.
(6) The balance is ended by draining the product accumulator 
into a tared, cooled, sealed sample bottle and recording
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the time when all liquid has drained Into the bottle and 
the accumulator has been depressured. At this point, key 
reactor temperatures, feed pump temperature and reactor 
pressure are recorded again.
(7) The product liquid Is allowed to equilibrate to room tem­
perature In Its pressure-tight bottle and Is then weighed. 
It Is next cooled on Ice and a sample taken for chromato­
graph analysis.
d. Following the material balance and successful completion of 
the product gas chromatograph analysis, conditions are 
changed for the next balance. If only pressure Is to be 
changed, n-heptane feed to the unit Is not stopped. If feed 
rate Is to be changed, the feed pump Is stopped, the feed 
rate changed, all hydrocarbons are flushed from the unit, 
and the proper hydrogen flow rate established and accurately 
measured before returning n-heptane feed to the reactor.
e. At the completion of all balances on a given catalyst charge, 
the reactor Is flushed and discharged according to steps n-p 
of the previous section on "Catalyst Equilibration."
4. Material Balance and Yield Calculation
A computer program "MATBAL" calculates product yields, conver­
sion percent, mass balance closure, and percent hydrogen balance closure 
for each material balance period. Sample calculations are shown In Ap­
pendix E. Input data Include gas and liquid feed rates, gas and liquid 
product rates, product gas density, product gas and liquid compositions, 
and reactor operating conditions. This program also punches out all
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reactor operating and yield data on a set of 11 computer cards. These 
are used as input to the optimization program "KMODL" which determines 
kinetic model rate constants and a program "DTPLT" which plots the 
data.




An important product of any kinetic study is a mathematical 
model capable of predicting product yields given feed rate, feed compo­
sition, and reaction conditions. It translates experimental data into 
parameters used as the basis of commercial reactor design.
The mathematical model describing the kinetics of a reaction 
system will be referred to here as a kinetic model. Kinetic models can 
be either empirical or theoretical in nature, but are usually a combina­
tion of both. A theoretical model is based strictly on reaction mecha­
nisms. Where the data base and model fit are quite good, a theoretical 
model can sometimes be used with care to extrapolate predictions beyond 
the range of experimental data. Empirical models are often used to fit 
kinetic data especially if the data are very complex. In many systems, 
the number of parameters and nature of the equations prevent usage of a 
theoretically based model. Empirical models can be used only as an in­
terpolation tool within the range of their experimental data base. In 
this study the approach shall be to use a theoretical model to fit a 
simplified kinetic network formed by empirically lumping certain compo­
nents. Further simplifying assumptions will be made where necessary to 
keep the number of parameters reasonable.
This chapter will be devoted mainly to the development and
67
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solution of the equations needed to model the reaction network describ­
ing the reforming of n-heptane. However, the basis for the theoretical 
model and the simplified reaction network will first be discussed.
B. Reaction Modeling in Heterogeneous Catalysis
The Langmuir-Hinshelwood models are commonly used to describe 
the kinetics of gas phase reactions on solid catalysts. The techniques 
for using these models have been discussed by Hougen and Watson.
The overall process for reaction of gases in a catalyst pellet 
involves mass transport, physical adsorption, and reaction. The steps 
are as follows;
1. Mass transfer of reactants to the exterior surface of a 
catalyst pellet from the bulk gas phase flowing through the 
catalyst bed.
2. Pore diffusion of reactants into the catalyst particle.
3. Adsorption of reactants on the active sites of the catalyst 
surface.
4. Surface reaction on the active sites.
5. Desorption of products from active sites.
6. Pore diffusion of products to the exterior surface of the 
catalyst particle.
7. Mass transfer of products into the flowing gas phase of the 
reactor.
Any one of these steps can be the slowest and hence the rate controlling 
step. External mass transfer and diffusion limitations can be elimi­
nated by increasing reactor mass velocity and reducing catalyst particle 
size. Experimental tests and calculations to determine the extent of
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these will be discussed in the next chapter. The approach here will be
to assume that mass transfer effects are negligible and that the
Langmuir-Hinshelwood models for adsorption, reaction, and desorption
on active sites will adequately describe this system.
The Langmuir-Hinshelwood models usually have the following form:
(kinetics term)(potential term) ...
^ (adsorption term)
The kinetics term includes the reaction velocity coefficient which is 
temperature dependent as well as one or more constants that are used in 
the Langmuir-Hinshelwood model development to characterize the catalyst 
surface. These constants are usually lumped with the pre-exponential 
factor of the Arrhenius expression used to describe the temperature de­
pendence of the reaction velocity coefficient. The resultant kinetics 
term has the form
k = kg exp (-E/RT) (2)
where E is the apparent activation energy and k^ is the pre-exponential 
term.
The potential term for the reaction of compound A to compound B 




where and Kg are the surface adsorption equilibrium constants of 
components A and B, respectively, and Pg are the partial pressures of 
A and B, and K is the thermodynamic reaction equilibrium constant.
The adsorption term has the form
+ %  +  V b >” (5)
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and expresses the competition of A and B for active sites. The exponent 
n usually has a value of 1 or 2. The exact form of the adsorption term 
and the value of the exponent n may change depending on the rate limit­
ing reaction mechanism chosen. This term is temperature dependent but 
to a much lesser extent than the kinetic term.
Prior to deriving the rate equations, the reaction mechanism 
developed in Chapter II will be reviewed.
C. Simplified n-Heptane Reaction Scheme
A detailed scheme was given in Figure 1 of Chapter II for the 
reactions of n-heptane and its products. To simplify this scheme it was 
assumed that any olefins derived from paraffins are in equilibrium with 
the corresponding paraffin and can be combined with the concentration of 
that paraffin. Data in a later chapter show no appreciable concentra­
tion of olefins in the products of n-heptane reforming. The simplified 
reaction scheme from Figure 2 of Chapter II is shown in Table 1 along 
with the individual reactions involved. In this network all isomeriza­
tion and cracking reactions are assumed to occur on acid sites and all 
ring closure and ring dehydrogenation reactions on metal hydrogenation- 
dehydrogenation sites.
D. Derivation of Reaction Rate Equations
The general Langmuir-Hinshelwood models for the reactions of 
Table 1 will now be developed. The form of the model for the reaction
k
B
in the presence of components C and D is ;
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nC. nC7 T T MH
nC_ AGP + H„
4
k12
nG7 T T DMP
12
MH Toi + AHg H2 + nG? >Gg
k.
MH; là AGP + H,
n




10Hg + MH— iii>Gg
Hg + DMP 11
AGP: iTol + 3Hr
nGy = n-heptane 
MH = methylhexane
DMP = dimethylpentanes and 3-ethylpentane 
C$ = Gg and lighter paraffins 
AGP = alkylcyclopentanes 
Toi = toluene
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reaction rate =
(l + KAPA+KBPB + Kcfc + KDfD)*
V b
^B^B
«APA - " K
(6)
(7)
where K is the reaction equilibrium constant. is the adsorption 
equilibrium constant, is the partial pressure of component i, and k 
is the reaction rate constant. Regardless of reaction mechanism, the 
potential term in equation (6) remains the same. However, both the 
numerator and denominator of its multiplier, k', for a given reaction, 
may vary with the number and nature of the surface reaction steps as 
well as with the particular rate limiting adsorption or reaction step. 
Further refinement of this general form for the rate constant denomina­
tor will be made in Chapter VIII as a part of model "tuning" to ade­
quately fit the observed experimental results discussed in Chapters VI 
and VII.
A further temporary simplification of the driving force term of 
equation (7) is to combine the adsorption equilibrium constant for 
each component with the partial pressure of that component so that 
= K^P^. Equation (7) now becomes:
k'P’
reaction rate = k'P^  —  (8)
To develop a reaction model for an integral reactor, a material 
balance is made over the cross section of a very short segment, AW of 
the tubular catalyst bed.




The resulting equation is;
N. - N.
W
+ r^( W) = 0
(W + AW)
(9)
where = flow rate of component A, gm moles/hr
W = total weight of catalyst bed up to beginning of differential
element, gms
AW = weight of differential element of catalyst, gms
r^ = rate of formation of A, gm moles of A/(hr x gm of catalyst)
As AW ̂  0, the differential material balance reduces to
f A
dW “ (10)
Reaction rate equations can now be developed for each component 
in the reactor using the above material balance equation as a basis.
The right-hand side of this equation is obtained by applying the rate 
expression of equation (8) to the reactions of Table 1. Partial pres­
sures in atmospheres are abbreviated using the following notation:
M P'MH *  " ?ACP
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The resulting rate equations are as follows:
cINmh .
= kyN + k^D + + Pjjk’a - (k3 + k^ + kj + kg + Pjjk̂ p) M (11)
dNnvjp
dW “ ^9^ ^12^ “ (^9 ^ kg + ^[2 V l l ^  °
dW = 2P%kgN + ZP^k^gM + ZP^k^^D (13)
dN
" V  + k,M + kji - (P^4 + Pjk' + P^k^) T (14)
‘̂ ACP 3- d i T  " V  + k^M + k^D + k %  - (Pgk* + Pjjk» + Pjjk’ + kg) a (15)
_ /dNng dNp^ 1 dNçg dN̂ ĵ̂
dW “ V dW dW Z dW dW dW /  ̂ ^
The alkylcyclopentanes are present in only a small amount and 
therefore any changes in their concentration are insi^.iifleant compared 
to the other components. The steady state approximation can now be used
= 0 (17)
to solve equation (15) for the concentration of this intermediate.
k N + k.M + k D + k'Tp3
^ “ ( V z  + h H  + P f s  + kg)
If this expression is substituted into equations (11)-(14) a new set of 
rate equations is obtained. This procedure is illustrated here for the 
toluene rate equation (14). Substituting (18) into (14) gives the 
following :
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
75
^^Tol k“ V  + V  + - (k; + + k p  Tpg (19)
where;
. -i.  ̂n______X ^ n.______X -> n x o______x o
a  tr*P 4. 1,'P X  1j.»P X  tr
If* o x x n  X 4 n x - » n  x o  x o  /oi N
a  1, *p X  1, »p X  1, *p X  1, \^x^
^1^2^H ^1^4^H k^k^P^ +  k^kg +  ^2^6
k ’PR +  k%PR +  k-PR +  kg
^1^4 k{k^PR +  k^kg + ^2^6
+  kgk^PR +  kgk^PR +  kgkg + ^4^6
^2^H S ^ H  ^6
kik%PH +  k^k^PR +  k^k^?R +  k^kg +  k^k;
h) “ k'P„ + k!P„ + klp„ + K
gg j 6 n J 4 n J ^ n  J O 4 b fO'W
t k;Pa + % P a  + k^Px + kg (23)
c k^P^ + k^Py + k^Pg + kg
where :
(24)
K  - %  + %  +
Likewise for equations (11), (12), and (13), we have:
dNj-j ,
- i r  -  kd" + k?  + ' W  -  (ky + kb + k, + > 'ioV  “ <2«
dN
+ V  + k;TP« - (k; + kj + k^ + kjjPj) D (27)
^  - 2P„(kjN + k^„M + k^jW (28)
k y k ^ P ^  +  k y k ^ P ^  +  k y k ^ P y  +  k ^ k g P y  +  k ^ k g
4 " k^Px + k;Px + k;Pa + kg (29)
, kykg
d " + ksPH + ^6 (
kgk^Pg + k^k^Py + kgkg
k;Px + k;Pa + k^P^ + kg ^i)
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k;Pa + kjPH + k^Pg + kg (3:)
"( " %  + >‘4 " h ^ + V h  + ■'6 ■" ’'12
The above differential equations can now be converted into a 
form suitable for solution. If Dalton’s law is assumed to hold the par­
tial pressure P^ of any component may be expressed as
Pj " y^Pi (35)
P^ “ total pressure, atm
y^ = N^/Ng = mole fraction of component i (36)
where
= g-moles/hr of component i
Ng = g-moles/hr of total hydrocarbon and hydrogen through the
reactor
The total molar flow rate is composed of total hydrocarbons, 
feed hydrogen, and product hydrogen. At any point in the reactor the 
total molar flow may be calculated as :
Ng = I + RF/MWp + ANpoi - Ng_/2 (37)
where
R = moles diluent hydrogen/mole hydrocarbon feed 
F = grams/hr hydrocarbon feed 
MW„ = hydrocarbon feed molecular weight 
The first term in equation (37) represents the total hydrocarbon molar
flow rate and the last three terms, the total hydrogen flow rate at any
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point in the reactor.
A final modification to the left-hand side of equations (16),
(19) and (26)-(28) is made by defining a space time variable, 0, as
0 = W/F (38)
where
F = hydrocarbon feed rate, gms/hr 
W => catalyst weight, gms.
For a constant feed rate, an incremental section of catalyst bed, dW, 
may be expressed as
dW = Fd0 (39)
Substituting equation (39) and
^  ■ 4  (4 ° )
from equations (35) and (36) into equations (16), (19) and (26)-(28) 
results in the following set of differential equations:
d0 “ Ng  ̂̂ ^d^N " ̂ d&^ " ^^e& " ̂ e^D^ " ~
dN^ P^F
I F  “ -N^ [ - % )  + ( %  - k % )  - (42)
dN^ P„F
d0 “ Ng  ̂(^a^N "  ̂ (^3)
dN 2? F
“d F  “ Ng ^^8&  ^lO^M ^ l A ^  (44)
Ad0
where :
^^DMP ^^Tol 1+  TT  + --—- +d0 d0 d0 2 d0 (45)
N^ = n-heptane flow rate, g-moles/hr 
N^ = methylhexane flow rate, g-moles/hr
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Njj = dimethylpentanes and ethylpentane flow rate, g-moles/hr
Nj = toluene flow rate, g-moles/hr
Ng = Cg and llgher hydrocarbon flow rate, g-moles/hr
The constants in the above equations are defined in equations
(20)-(25) and (29)-(34). They are complicated expressions containing 
hydrogen partial pressure and forward and reverse reaction rate con­
stants of the reactions in Table 1. The following equations are a sim­
plification of these expressions.
rk,k knkfl
' ‘à “ I Tg
%Jg. . ‘2 6
K,
_1_
k L %3 K4K6J
d k.
k
P s S l
L % J
k y k g ^ 4
'  ^2 J
k g k g K 5 J
L ^ 9
+  k 4 k 5 f H l















g L  "2
V l 2




The Initial boundary values for equations (41)-(45) are as follows;
= F/MWp at 0 = 0 (59)
(60)
where:
F = feed rate, gm/hr 
MWp = feed molecular weight = 100.21 for n-heptane
The reverse rate constants for the Individual reactions of 
Table 1 may be calculated from the forward reaction rate constants If 
the equilibrium constant Is known. Table 2 summarizes equilibrium con­
stant data for the Individual reactions of Table 1. The individual
(9)equilibrium constants are based on API-44 free energy data. Sterl- 
cally Impossible single step reactions are not shown.
Lumped equilibrium constants will be derived here for reactions 
of the lumped components of Table 1 using the equilibrium data of 
Table 2. In a later chapter these calculated equilibrium constants for 
critical reactions will be compared with values derived by fitting the 
experimental data with the mathematical model developed In this chapter.
For the pseudo reaction
nC. methylhexanes (MH)
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We have the following two component reactions 
nCy—  : - 2-methylhexane (2MH)
nCy^-. - 3-methylhexane (3MH)
At equilibrium
K, = ^  (61)
NC7
and K = (62)
J ^NC7
Adding equations (61) and (62) we get a pseudo equilibrium constant Ky 
where
K, . K, + K. . > — ^  (63)
' ^ J ^NC7 NC7
Likewise, for further isomerization of methylhexanes to di­
methylpentanes (including 3-ethylpentane): 
for 2MH y  dimethylpentanes
^x "  ̂^2MH-»-DMP " P ~
and 3 M H ÿ = i  dimethylpentanes
P.
c “  y K =3 —^y  ̂ 3MH->-DMP P
obtain
'3MH
We next invert both sides of equations (64) and (65) and add to
(66)
^9 X y DMP
Rearranging :
Similarly, for the ring isomerization and dehydrogenation of
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alkylcyclopentanes (AGP) to toluene, 
h  " ’̂ ACP •*■101. ” r 1
ï i Ç
= equilibrium constant for dehydroisomerization to toluene of an 
individual alkylcyclopentane
Knowing the equilibrium constant (Table 2) for n-heptane
reacting to toluene and Kg, Ky, Kg from above, the remainder of the
equilibrium constants for the reactions of Table 1 may be calculated as:
Kg = K^/Kg (nCy AC? + Hg) (69)
K3 = K^/Ky ( m  ̂  Toi + 4Hg) (70)
K^ = K^/(KgKy) ( M H ^  AGP + Hg) (71)
K3 = K^/(KgKyKg) (DMP;s=^ AGP + Hg) (72)
E. Solution of Reaction Rate Equations
The reaction network of Table 1 has been reduced to the set of 
five first order, coupled, ordinary differential equations (41)-(45).
In this form, the equations are linear in the dependent variable and 
analytical solution by transformation techniques such as Laplace Trans- 
forms^^^) or Laplace-Garson Transforms^^^ is feasible. However, when 
each rate constant is replaced by its Langmuir-Hinshelwood equivalent 
the equations are no longer linear and analytical techniques cannot be 
applied.
A usual approach to this problem is to first solve the linear 
differential equations as shown in equations (41)-(45) for a set of rate 
constants at each value of the dependent variables (reactor residence 
time, pressure, temperature). Next, regression techniques are applied
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nCy = normal heptane 
2MH = 2-methyIhexane
3MH = 3-methylhexane 
2,2DMP = 2,2-dimethylpentane 
3,3DMP = 3,3-dimethylpentane 





















to these rate constants to obtain Langmuir-Hlnshelwood adsorption con­
stants for lumped components using reactor average partial pressures for 
these components. This procedure is satisfactory when the concentra­
tion of the lumped components such as total hydrocarbons does not sig­
nificantly change throughout the reactor and when adsorption behavior 
can be adequately represented by lumped rather than individual compo­
nents. However, for the system of this study total hydrocarbon partial 
pressure increases by as much as 65 percent through the reactor. In 
addition, it is desirable to consider the adsorption effects of indi­
vidual components such as toluene which, as a tightly adsorbed product, 
varies by more than a factor of five in measured concentration. Finally, 
to determine all twelve rate constants (actually five independent con­
stants) for the system in Table 1, the degrees of freedom would be re­
duced to zero and any errors in experimental data would produce large 
errors in the regressed rate constants.
To avoid the above mentioned problems and provide maximum 
flexibility for changes in the model, the equations (41)-(45) were
solved numerically using a fifth-order modified Runge-Kutta integration
(3)(12)algorithm by Chai. The Runge-Kutta numerical integration tech­
nique is used to solve initial value, first order differential equations 
of the type;
= f(x,y) (73)
This, like most other numerical integration schemes, is based on the 
Taylor series expansion representation of a function f(x) about some 
point x^. The Taylor series is expressed as:
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dx
“ f” (x )(Ax)"




The accuracy of a given integration technique depends upon the number 
of terms it approximates in the Taylor series expansion. The simplest 
of initial value (forward integration) techniques is Euler’s method.
It has the form;
y(x + Ax) = y„ + ÈLdx Ax (76)X
The order n of a numerical integration scheme is the order of the (Ax)’̂
term through which the scheme approximates the Taylor series. The
error for a given step in the integration is therefore proportional to
the first truncated term of the series or f’̂(x^) (Ax)’̂ ^^/n!. The Euler
method shown above is therefore a first order approximation to the
2 2Taylor series with an error for each step of (dy/dx) Ax /2. For a^o
given order approximation of the Taylor series, the integration error 
can be minimized by decreasing the step size Ax. The fifth order Runge- 
Kutta algorithm used for this study, therefore, has an error of magni­
tude (dy/dx)y Ax,/2. The integration routine using this algorithm 
varies step size Ax automatically to hold total integration error in 
the dependent variable below a user specified fraction of this dependent 
variable.
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F. Evaluation of Reaction Rate Constants
The set of differential equations (41)-(45) can be Integrated 
using the Runge-Kutta scheme to calculate reactor outlet concentrations 
at any given set of reactor conditions. It Is desired to obtain a set 
of reaction rate constants that give the best agreement between 
actual and calculated reactor product composition for all data of this 
study. With this basis, we formulate an optimization problem.
NDATA NCOMP




where : _  _  _
Ni- - i.(K, X ,N )
^  <” >
K = kg, k^,....  , k^,... = set of rate constants and
adsorption constants needed to completely define the equa- 
descrlbed previously In Table 2.
X. = set of reaction conditions for a given data point; space 
velocity, pressure, temperature, etc.
Nj = , Ngj...............  = set of measured reactor product
molar flow rates (g-moles/hr) for a given data point j and 
component 1.
N.. = calculated molar flow rate (g-moles/hr) of component 1 for
a given data point j by Runge-Kutta Integration of differen­
tial equation 1 at conditions X^ using rate constants K.
NDATA = number of data points or sets of product composition data.
NCOMP = number of reactor product components.
The differences between actual and calculated component molar flow rates 
above are divided through by the actual component molar flow rates to 
normalize the variable total flow rate for different data points. This
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places equal weight on each component and each data point.
The solution to the above optimization problem requires a multi- 
variable search technique. It involves an iterative process of select­
ing a set of rate constants, integrating the rate equations for all data 
points, calculating the objective function, and comparing it with the 
previous value. A number of search methods are available. They include
geometric, logical, and random search techniques. Beveridge and Schech-
(l) (13)ter and Wilde and Beightler describe these in greater detail.
The "Pattern Search," a logical technique developed by Hooke and
(4)Jeeves was chosen for this study. Comparisons of this and other
search techniques by Barneson et al.^ a s  well as Leon^^^ show it to 
be one of the most efficient and consistent methods.
"Pattern Search" proceeds from a given starting point by first 
perturbing each variable in succession to form a pattern. With each 
improvement in the objective function, the new value of the perturbed 
variable is assumed. After all variables are perturbed in a given 
pattern, an acceleration step is made in the direction of success ob­
tained in the pattern. The new location is checked for improvement to
the objective function and a new pattern is begun. Continuing success
lengthens the acceleration step; failure to improve returns the search
to the best previous location. If no change is seen in any variables, 
the pattern step size is halved until a complete pattern results in an 
improvement to the objective function. The "Pattern Search" subroutine 
PATERN was programmed to include an upper and lower bounds check on each 
variable following each step and each acceleration and no variable was 
permitted to go beyond the input boundary values. For efficiency of 
computer time PATERN was also programmed to perturb each variable in
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successive patterns in the direction giving improvement in the previous 
pattern.
The overall program KMODL for data input optimization and inte­
gration is outlined in Figure 5. The main program reads in starting 
values, upper and lower bounds, starting step increments and convergence 
control variables for the "Pattern Search." It then calls on subroutine 
BREAD which reads in all experimental yield data, reactor conditions and 
kinetic model control parameters. BREAD lumps the individual reactor 
product components into the 5 components used by the kinetic model and 
makes the necessary dimensionality changes.
The five lumped components are defined as follows:
=■ n-heptane (80)
Ng “ 2-methyIhexane + 3-methylhexane (81)
Ng = 2,2-DMP (dimethylpentane) + 2,4-DMP + 3,3-DMP + 2,3-DMP
+ 2,2,3-trimethylbutane + 3-ethylpentane 
+ Cg paraffins + Cg paraffins + Cy olefins (82)
= all Cg components except benzene and inethylcyclopentane (83)
Ng = toluene + methylcyclohexane + dimethylcyclopentane
+ ethylcyclopentane + Cg aromatics + Cg aromatics 
+ Ĉ Q̂ aromatics + benzene + methylcyclopentane (84)
The main program next transfers control to subroutine PATERN. 
PATERN performs the "Pattern Bearch" as previously described by perturb­
ing the rate constants and searching for the minimum objective function. 
PATERN calls YOBJ to calculate the objective function. YOBJ calculates 
the weighted sura-of-squares objective function from actual yields and 
model calculated yields. YOBJ calls the Runge-Kutta numerical
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Figure 5. Flow Schematic of Kinetic Model Optimization Program KMODL
• Reads starting values and bounds for rate 
constants and control cards for search
MAIN PROGRAM
Reads reactor conditions, 
product composition data 
and kinetic model control 
cards
Transforms input data to 
proper form for kinetic 
model
SUBROUTINE SREAD
Perturbs rate constants and 
searches for optimum
Prints objective function 




• Calculates product yields using Runge-Kutta numerical integration
• Prints calculated reactor yield profiles
SUBROUTINE MRK5
Contains basic differential equations making up the kinetic 
model; derivatives calculated for integration
Rate constants transformed into Langmuir-Hinshelwood form
SUBROUTINE MODL
Calculates objective function using actual and calculated yields
Prints actual vs. calculated yields
Calculates confidence limits on final rate constants
SUBROUTINE YOBJ
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integration subroutine MRK5 which generates the set of calculated yields 
based on the kinetic model. The actual kinetic model is contained in 
subroutine MODL called by the MRK5 routine. Using the existing "best" 
set of rate constants from PATERN, MODL calculates a derivative for each 
component at each integration step in MRK5. Rate constants are con­
verted to the Langmuir-Hinshelwood form within the subroutine MODL.
Program output is controlled primarily by PATERN. It prints 
the value of the objective function and the current values of the rate 
constants at the completion of each pattern. At the end of the search 
or at controlled points in the search, PATERN can signal YOBJ to print 
out actual versus calculated yields for all data points and MRK5 to 
print out calculated yields and derivatives at each step of the integra­
tion through the reactor for all data points. At the end of the search, 
PATERN also calculates and prints out confidence limits on each rate 
constant.
Confidence limits on rate constants are calculated by perturb­
ing each rate constant and observing the change in the calculated pro-
fo\
duct yields. The procedures of Rosenbrock and Storey as applied by 
Seinfeld and Gavalas^^^^ were used. First, an array D is formed for
each data point j .
\ k (85)
N, = set of calculated product molar flow rates, N^ for each com­
ponent i, (g-moles/hr) at data point j
K* “ optimum set of rate constants
Xj “ set of reaction conditions for data point j
kĵ  “ k^^ element of K*
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where CT is the variance in N^ associated with experimental error. This 
number is obtained from replicate data points.
Finally, the variance associated with the rate constant 
is calculated as
K  - (87)
where
is the k X k diagonal element of array P and 
E[ ] denotes "expected value"
At this time, a brief discussion of the efficiency of the "Pat­
tern Search" determination of the rate constants for the kinetic model 
is appropriate. Although textbook optimization problems are usually 
unimodal smooth functions, this is not always the case with complex 
reaction systems. Saddle points and very sharp ridges in multi­
dimensional space can often cause a search routine to hang up at a 
false optimum. The real test of an optimum is the ability of the search 
routine to reach the same optimum coordinates from several different 
starting points. This test was made for the system of equations studied 
here. The values of all rate constants were found to converge to the 
same final point from radically different starting points. This is 
shown for rate constants k^ (equation [43]) and kg (equation [44]) in 
Figure 6.
Another important measure of efficiency of search is computing 
time. For most of the model development in this study, 16 sets of data






















Figure 6. Effect of Starting Value on Rate Constant Optimization
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(3 to 4 independent variables per data set) were used for each catalyst. 
The number of rate constants varied from 8 to 18. Computer CPU time 
required for a complete pattern varied linearly with the number of rate 
constants. The average value was 0.31 min/(rate constant)/pattern or 
.02 min/(rate constant)/pattern/data set. The usual number of patterns 
for convergence was about 20. On the basis of function evaluations the 
computing time required was about .01 min/(data set)/(function evalua­
tion). On the basis of integration steps, the average CPU time was 
.02 sec. per integration step on the IBM 360 where each integration step 
involved approximately 175 mathematical operations.
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CHAPTER V 
VALIDITY OF EXPERIMENTAL PROCEDURES
The results of an experimental kinetic study are heavily depen­
dent on agreement between procedures used and the assumptions made in 
conducting that study. In this chapter will be discussed preliminary 
studies of the extent of reactor temperature profiles, diffusion and 
mass transfer limitations, backmixing, and catalyst deactivation.
A. Background
The literature contains much low conversion differential reactor 
data on the reactions of n-heptane but very limited high conversion 
data. Therefore, one of the basic objectives of this study was to ob­
tain integral bed reaction data over a wide range of conditions for the 
catalytic reforming reactions of n-heptane.
Integral bed reactor data provide a much closer approach to com­
mercial reactors than do low conversion differential bed reactors.
Without extremely complex feed preparation, the differential bed reactor 
cannot adequately represent a kinetic system where reaction interme­
diates and small amounts of reaction side products play an important 
role in the reactor kinetics. In addition, the accuracy of differential 
reactor data is limited by the analytical ability to determine small 
changes in feed composition. The high conversion levels in catalytic re­
forming and the many complex reactions involved make this a particularly 
difficult system to study in a differential bed reactor.
96
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4
Use of an integral bed reactor does require that certain condi­
tions be met in order to adequately model the reaction data obtained.
Due to higher conversion levels, maintaining a constant reactor tempera­
ture is much more difficult for reactions accompanied by significant 
heat changes. To adequately model integral bed reactor data the assump­
tion of plug flow must hold. The catalytic effect of reactor walls and 
any catalyst deactivation must also be considered when examining the 
validity of experimental procedures. The remainder of this chapter 
will address each of these issues.
B. Axial Temperature Profiles
In general, the reactions of catalytic reforming are quite endo­
thermie. Commercially, the catalyst bed is placed in three to four 
reactors in series with reheat furnaces between each reactor. This pro­
vides a high reaction rate without excessive reactor inlet temperatures. 
However, for kinetic studies it is highly desirable to maintain iso­
thermal reaction conditions to avoid extremely complex modeling prob­
lems. For this experimental study a fluidized sandbath was used to pro­
vide reactor heat. Despite the excellent heat transfer characteristics 
of the fluid bed certain reforming reactions, such as naphthene dehy­
drogenation, result in significant reactor axial temperature profiles. 
This is illustrated in Figure 7 for the naphtha feed used to age cata­
lysts prior to the kinetic studies on n-heptane. In this figure the 
sharp initial temperature drop is due to the extremely rapid and endo­
thermie reaction of cyclohexane homologues to aromatics. The subsequent 
temperature recovery is due to a higher rate of heat input to the reac­
tor from the fluidized sandbath than is required for the slower
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
98
LEGEND










D I S T A N C E  THRU REACTOR,  INCHES
Figure 7. Reactor Temperature Profile, Naphtha Equilibration of 
Catalyst
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endothermie reactions of dehydrolsomerization and dehydrocyclizatlon.
For paraffins the desirable dehydrocyclizatlon reactions are 
endothermie, the undesirable cracking reactions are exothermic, while 
the isomerization reactions are essentially isothermal. The overall ef­
fect is a net endothermie reaction. However, as shown in Figure 8, the 
axial temperature profile for this reaction system is essentially flat. 
Its reactions are several orders of magnitude slower than the naphthene 
dehydrogenation reactions that predominate in a naphthenic feed as illus­
trated in Figure 7. For the kinetic studies on n-heptane, the tempera­
ture of reaction was taken as the area-average of the temperature pro­
file. For kinetic model development the reactor was assumed isothermal.
To help insure a flat temperature profile the catalyst was di­
luted with inert mullite. For most of the kinetic studies, approxi­
mately one-half of the reactor bed was mullite.
C. Axial Dispersion
The kinetic differential equations developed in Chapter IV were 
based on the assumption of plug flow of reactants and products through 
the catalyst bed. Any significant backmixing would reduce reactant con­
centration, lower conversion, and invalidate the assumed kinetic model.
(2)Bryant studied flow patterns in a reactor nearly identical to the one 
used in this study and related the extent of axial dispersion to the di- 
mensionless Peclet number of the flow system. The Peclet number is a 
ratio of bulk directed stream motion to random motion in diffusive 
eddies. A value of zero for the Peclet number corresponds to complete 
backmixing, whereas a value of <» corresponds to perfect plug flow.
Bryant found that for Peclet numbers greater than 50 and for moderate
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Figure 8. Reactor Temperature Profile, n-Heptane Feed
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conversion levels (20-70%), corrections to rate constants for backmixing 
are negligible.
Bryant's results agreed well with a study by Levenspiel and 
(3)Bischoff who related reactor Peclet number to a Particle Reynolds
Number. Using this relation a Peclet number was calculated for a set
of conditions typical for most of this study. The Particle Reynolds
Number was calculated as follows :
d W
Re = —*7- = Particle Reynolds Number p PA
where
d = particle diameter = .00118 ft
2A =» cross sectional reactor area = .00154 ft
W = mass flow rate = .0431 lb/hr (Hg + n-heptane)
y = .0394 Ib/ft-hr for + n-heptane
Re = .838 P
For this Reynolds number a "Mixing Intensity" of 2.2 is determined from 




G  = void fraction = 0.74 
L = reactor bed length = 0.583 ft 
P = Peclet Number
A Peclet Number of 166 is calculated. This is well above the value of 
50 below which axial dispersion begins to lower conversion; hence the 
plug flow assumption is valid for this study.
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D. Reactor Wall Effects
To determine if the reactor walls or the catalyst diluent mull­
ite contributed to reactant conversion, a run was made with the reactor 
filled with mullite. At conditions that gave 50% conversion with a 
normal catalyst charge, only 1.5% conversion was observed. The reaction 
product was primarily the expected methane and ethane from thermal con­
version.
E. Mass Transfer Effects
The overall reaction process as discussed in Chapter IV is a 
series of steps including transport of reactants or products between the 
bulk gas phase and the catalyst interior surface. Two primary transport 
processes are involved : external mass transfer between the flowing bulk
gas phase and the exterior of the catalyst particles; and pore diffusion 
between the exterior and the interior surfaces of catalyst particles. 
Development of the reaction model in Chapter IV assumed that neither of 
these transport processes was limiting. This section will discuss 
studies made to verify these assumptions.
1. External Mass Transport
External mass transport is a combination of convective and dif­
fusion processes resulting in transport of reactants and products between 
the bulk gas phase and the exterior catalyst surface. It is usually rep­
resented as mass transport through a thin laminar film on the catalyst 
surface. Higher gas velocities through the reactor reduce the thickness 
of this film and hence reduce resistance to mass transfer.
The classical method of testing for external mass transfer
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limitations involves separate runs using different gas velocities in the 
reactor while holding all other variables constant. Catalyst loading is 
varied to hold space velocity constant. Any changes in reactant conver­
sion should therefore reflect external mass transfer effects. Results 
of runs on both the platinum and Pt-Re catalysts studying the effect of 
reactor velocity on conversion are shown in Figure 9. For the lowest 
velocity data on the platinum catalyst, a slightly lower (2-3%) conver­
sion level is observed. However, this difference is well within the 
magnitude of run-to-run variability. These results agree with those of 
Selman^^^ who saw no external mass transfer effects in the same experi­
mental equipment for a similar study on the reforming reactions of 
methylcyclopentane. It is concluded that external mass transfer does 
not limit the reactions of this study.
2. Pore Diffusion
Since the external surface area of a catalyst particle is neg­
ligible compared to the total internal surface area, reactants must dif­
fuse into the center of the particle and products must diffuse out. The 
driving force for this diffusion process is a concentration gradient be­
tween the surface and the catalyst particle interior. For surface reac­
tion or adsorption controlled kinetics, the concentration of reactant is 
essentially the same throughout the interior of the catalyst. However, 
when the reaction rate is fast compared to the reactant diffusion rate, 
the concentration of reactant becomes depleted in the catalyst interior 
and a concentration gradient exists between the exterior surface and the 
center of the catalyst particle.
Since reaction rate is a function of reactant concentration for
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Figure 9. Test for Mass Velocity Limitations— Ft and Pt-Re Catalysts
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first and higher order reactions, the overall reaction rate is lower for 
a diffusion controlled reaction than it would be if the concentration of 
reactant throughout the particle were equivalent to that at the particle 
surface. For isothermal reactions, the catalyst effectiveness factor,
E, is defined as the ratio of actual reaction rate to that observed if 
the concentration of reactant throughout the catalyst is the same as 
that at its exterior surface. It has a value of 1.0 when no diffusion 
limitations are present and a value of less than 1.0 for diffusion 
limited isothermal reactions.
Thieledeveloped and solved the differential equations de-
/ON
scribing diffusion controlled reaction in a single pore and Wheeler 
extended these to include the porous catalyst as well as specific cata­
lyst particle shapes. These solutions are in graphical form as effec­
tiveness factor versus a term called the Thiele Modulus. For spherical 
catalyst particles the Thiele Modulus, h^ has the form
"a ■ V  ̂
where
R = catalyst particle radius, cm
OPp = catalyst density, gm/cm
2Sg = catalyst surface area, cm /gm of catalyst 
k = reaction rate per unit surface area, cm/gm
D = effective diffusivity of the reactant in the catalyst pellet.e cm'2/gm
Diffusion in an alumina base catalyst such as the ones used in 
this study may be either ordinary, Knudsen, or surface diffusion, depend­
ing on the pore diameter and reaction conditions. Ordinary diffusion
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occurs in large pores where the rate is governed by collisions with 
other molecules. Knudsen diffusion occurs in smaller pores where a 
molecule collides more frequently with the pore wall than with other 
molecules. Surface diffusion controls in very small pores where molecu­
lar movement is governed by adsorption and desorption on the catalyst 
surface. Generally, both ordinary and Knudsen diffusion exist in a 
catalytic reforming catalyst. As pressure is increased, the role of 
Knudsen diffusion is lessened.
To determine the extent of possible diffusion limitations for 
the reforming reactions of n-heptane an effectiveness factor was calcu­
lated using the above definition of the Thiele Modulus and the correla­
tion curve for effectiveness factor presented by P e t e r s o n . P r e l i m i ­
nary experimental data at 900°F were used to determine the reaction 
rate constant for n-heptane conversion and literature values of the 
activation energy were used to extrapolate this to the highest severity 
operation of 925°F in this study. The following is a summary of that 
calculation:
(p S k) = .091 sec"^ 0 925°F 
R = .018 cm
For ordinary molecular diffusion of n-heptane in at 925“F and 215
2psia the diffusivity, D^, is calculated as .0736 cm /sec using the equa­
tion of Wilke and Lee,^^^ Knudsen diffusivity, D^, is c a l c u l a t e d t o  
be .0142 cm^/sec using an average pore diameter of 105 Â. These are 
combined using Bosanquet's additive resistance law^^^
=  A  + A .
°K
2
and D = .0119 —  s sec
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Applying the rule of thumb that effective diffusivity in the tortuous
paths of a catalyst particle is approximately one-tenth the open space
2diffusivity we arrive at an effective diffusivity of .00119 cm /sec.
A Thiele Modulus of 0.16 is calculated using the above diffu­
sivity, reaction rate, and particle size. This gives an effectiveness 
factor of 1.0. Even if the effective diffusivity is decreased by a fac­
tor of ten to allow for uncertainty in the tortuous path correction, the 
effectiveness factor is reduced to only 0.99.
In addition to the above calculation, the reaction rates and 
particle size of this study on n-heptane were compared to that of a 
previous study by Selman^^^ of methylcyclopentane reforming reactions in 
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Even if the reaction rate is assumed to be doubled for operation 
at the highest temperature (925°F) of this study, the overall reaction
rate constant is still lower than that observed by Selman. (6) Based on
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these data as well as the effectiveness factor calculation, a particle 
size study was judged to be unnecessary and diffusion control was as­
sumed to be insignificant at the conditions used here.
F. Catalyst Deactivation
Two very important qualities are desired for a catalyst used in 
a process variable study for developing a kinetic model. First, its 
performance must be representative of that observed commercially— the 
ultimate application of the kinetic model. Second, its performance must 
be stable during the study, implying no significant deactivation. To 
obtain these qualities the catalysts for this study were initially 
equilibrated at commercial operating conditions. In addition, a number 
of tie-in data points were obtained during the process variable studies 
to check for deactivation. The results of the aging runs and the ac­
tivity maintenance checks will be discussed here.
1. Catalyst Equilibration
As described in Chapter III, the catalysts used in this study 
were equilibrated or "lined out" on a naphtha feedstock. This was 
necessary to prevent rapid changes in catalyst activity and selectivity 
due to initial coke deposition as well as to provide a catalyst more 
typical of commercial operation. The high severity (100 psig, 100 oc­
tane) aging was continued until catalyst activity and selectivity sta­
bilized. These properties were monitored by brief periods of operation 
on n-heptane feed during the equilibration run.
The effect of catalyst equilibration on catalyst activity (first 
order rate constant for i- and n-heptane conversion) is shown in 
Figure 10. The platinum catalyst rapidly equilibrated in 60 hours.
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However, more than 160 hours of naphtha operation were required to 
equilibrate the Pt-Re catalyst. For both, activity in the initial 
10-20 hours was quite high as evidenced by product gas gravity. This 
is reflected in the activity for heptane conversion as shown in Figure 10 
for the platinum catalyst at 8 hours on feed. For the Pt-Re catalyst, 
high initial hydrogenolysis activity and the corresponding possibility 
of temperature excursions on n-heptane feed prevented a quantitative 
measure of activity prior to 40 hours on feed. The data for the n- 
heptane balances during the aging period are included in Appendix B 
(Runs DKC-1,2,3) for the platinum catalyst and Appendix C (Runs 
DKC-7,8,9) for the Pt-Re catalyst. The aging data for the platinum cata­
lyst was obtained very early in this study and must be viewed with a 
certain amount of caution. The GC analyses for these particular runs 
were made on a column which gave much poorer resolution than the column 
used for the Pt-Re catalyst aging runs and subsequent platinum and 
Pt-Re process variable studies.
In addition to the change in activity with aging, the Pt-Re 
catalyst showed a very large initial selectivity to methane which de­
creased across the aging period (27.4% of converted heptane at 40 hours 
on oil vs. 8.7% at 160 hours on oil). This high initial methane yield 
is accompanied by a higher initial hexane and benzene yield. The high 
methane make is indicative of a high hydrogenolysis activity associated 
with certain metal sites. A C^/C^ ratio of 1.6 initially, compared with
0.85 after equilibration, verifies this. Acid site cracking typically 
gives a ratio 1.0. A high yield of ring dimethylation product, benzene, 
during the early aging period also reflected the hydrogenolysis activity. 
Selman^^^ observed similar behavior for the Pt-Re catalyst during aging.
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In his case, the hydrogenolysis activity appeared as increased ring 
opening of MCP selectively to isohexanes.
The changes noted here in both activity and selectivity during 
aging reflect a basic weakness in much of the literature data. Very 
often both mechanism and catalyst comparison studies are made on fresh 
catalyst only a few hours old. Besides not representing the nature of 
a catalyst at conditions of commercial application, potentially very 
good catalysts might be overlooked due to temporarily bad initial 
qualities.
The composited catalysts from the equilibration runs were ana­
lyzed for "coke" or carbon. The platinum catalyst contained 2.5 wt. % 
coke and the platinum-rhenium catalyst a higher value of 4.6 wt. % coke 
despite its consistently higher activity after lineout. The presence of 
the rhenium promoter either keeps the coke off the active sites or main­
tains them in an active state despite the presence of a higher coke 
level. This agrees with the observations of Blue et al.^^^ who con­
cluded that the platinum-rhenium catalyst not only makes less coke than 
the platinum catalyst, but also deactivates less for a given coke 
laydown.
2. Catalyst In-Run Deactivation
A series of activity tie-in data points were obtained throughout 
the process study runs on the platinum and Pt-Re catalysts. Heptane 
conversion at constant operating conditions was checked during and be­
tween the space time, pressure, and temperature studies conducted sequen­
tially in long runs (Run DKC-12 on the platinum catalyst and Run DKC-13 
on the Pt-Re catalyst) on the same charge of catalyst. With the
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platinum catalyst, activity gradually increased during the initial 20 
hours on oil and then lined out for the remainder of the 150 hour pro­
cess study run. The four data points obtained during this initial 20 
hours were therefore not used in the platinum catalyst kinetic study. 
This initial activity increase was probably due to stripping of a small 
amount of the coke deposited during catalyst equilibration. The 
platinum-rhenium catalyst showed no evidence of activity change through­
out its 200 hour process study run.
Catalyst carbon content at the end of the long process study 
runs was 1.4 wt. % for the platinum catalyst (Run 12) and 2.2 wt. % for 
the platinum-rhenium catalyst (Run 13). These compare with 2.5 wt. % 
and 4.6 wt. % coke, respectively, on the catalyst charges for these runs. 
Apparently during the high temperature drying of these catalysts under 
hydrogen (start-up pretreatment) a significant amount of the equilibra­
tion coke was stripped off. As previously mentioned, for the platinum 
catalyst some of this coke stripping occurred during the initial hours 
on oil.
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CHAPTER VI 
EXPERIMENTAL EFFECT OF SPACE TIME
A. Introduction
The basic objectives of this experimental study were the devel­
opment of a kinetic model to describe the reforming reactions of n- 
heptane and a comparison of the behavior of a platinum-alumina catalyst 
and a platinum-rhenium-alumina catalyst in this reaction system. How­
ever, before a kinetic model can be fully developed the effect of pro­
cess variables on the behavior of the reaction system must be under­
stood.
The approach in this chapter will be to analyze in detail the 
effect of space time on yields from the n-heptane catalytic reforming 
reaction system. This variable provides a basic understanding and veri­
fication of the dynamics of the proposed reaction scheme as shifts in 
product yields are observed with increasing reactant conversion.
For this study space velocity was varied between 0.7 and 11.2 
W/hr/W by changing feed rate. All other variables were held constant at 
the following conditions; 900°F; 200 psig; 10 moles H^/mole n-heptane 
feed. All space time or varying conversion runs on each catalyst were 
made on a single catalyst charge. As previously discussed, the catalyst 
for these studies was pre-equilibrated on naphtha. In addition, tie-in 
runs were made during each process variable study to verify that catalyst 
activity did not change with time.
114
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As product selectivity is discussed it will be helpful to keep 
in mind the following overall reaction scheme simplified for purposes 






Here the single and double branched isoheptanes have been lumped as a 
single component and the alkylcyclopentane ring intermediates lumped 
with toluene.
The approach to discussing the space time data will be to ex­
amine in detail the platinum catalyst behavior with the intent of gain­
ing a basic understanding of the entire reaction system. Next the Pt-Re 
catalyst data will be reviewed with primary emphasis on deviations from 
reaction patterns of the platinum catalyst.
B. Platinum Catalyst
The discussion of space time data will include first a look at 
lumped principal reaction products and their breakdown or distribution. 
Next, reaction intermediates and side products will be discussed.
1. Principal Reaction Products
The overall selectivity to the desired product toluene and the 
undesired Cg cracked products is shown in Figure 11 as a function of 
total heptane conversion. The abscissa basis of total heptane (normal
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heptane + isoheptanes) conversion is used since heptane is rapidly con­
verted to its isomers at low space times. The gradually increasing 
slope for cracked products and decreasing slope for toluene indicates a 
a decrease in selectivity to toluene with increasing heptane conversion. 
Above 70% total heptane conversion toluene yield appears to reach an 
upper limit with a corresponding increase in selectivity to cracked pro­
ducts. This drop-off in toluene selectivity is not due to equilibrium 
limitations since the equilibrium r a t i o o f  toluene to n-heptane is 
roughly 25 at these conditions compared to the actual ratio of 7.4. For 
isoheptanes the equilibrium ratio is 6.5 compared to 1.9 actual. This 
fall-off in selectivity to toluene is probably due to competitive ad­
sorption of high molecular weight reaction side products and/or toluene 
itself. These will be discussed in more detail later.
The selectivity of n-heptane to its single and multiple branched 
is'-'. is shown in Figure 12. As total heptane conversion is increased 
both sets of isomers go through a maximum in yield. Initially, the very 
rapid forward isomerization reaction causes a sharp increase in the 
single branched isomer. Then, as the reverse reaction starts to slow 
the isomerization rate, the slower secondary isomerization, cracking, 
and dehydrocyclization reactions begin to reduce the concentration of 
methylhexanes resulting in a maximum selectivity to methylhexanes at 
about 25% total heptane conversion. Beyond this point the reverse iso­
merization rate continues to play an important role as the methylhexanes 
go from 65% of equilibrium with n-heptane at 30% conversion to 92% of 
equilibrium with n-heptane at 80% total heptane conversion.
The five carbon chain isoheptanes— primarily dimethyIpentanes, 
but including 3-ethylpentane— show very similar behavior. However, they
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have a much more rounded maximum than observed with the single branched 
Isomers.
A closer look at the Individual heptane Isomers Is appropriate 
at this point. Figure 13 shows similar behavior for the 2-, and 3- 
methylhexanes with Increasing space time. The ratio of 3-methylhexane 
to 2-methylhexane Is constant at 1.35 throughout the conversion range. 
Only the lowest conversion point shows a slightly higher ratio. The 
thermodynamic equilibrium ratio for these two components using API 
Project 44 data^^^ Is 1.00. Possibly the ratio of 1.35 Is a more real­
istic value for equilibrium. Above 50% total heptane conversion, the 
3-methylhexane Isomer Is In equilibrium with n-heptane.
Figure 14 shows similar overall behavior for the dimethyl and 
ethyl substituted pentane Isomers of n-heptane. The 3-ethylpentane 
goes through a maximum concentration at a conversion level nearer the 
maximum for methylhexanes than that of the dlmethylpentanes. The con­
centration of 2,3-dlmethylpentane Is more than twice that of any of the 
other dlmethylpentanes Indicating that It Is formed more rapidly and/or 
Is converted more slowly to Its conversion products. Above 50% total 
heptane conversion both the 3-ethylpentane and 2,4-dlmethylpentane are 
In equilibrium with n-heptane and 3-methylhexane. Due to the many pos­
sible Isomerization reactions of the heptane Isomers further Interpreta­
tion of this data would be speculation at best. We may conclude here 
that above 50% conversion most of the heptane Isomers are In equilibrium.
The distribution of cracked products also deserves closer exami­
nation. In the kinetic model development of Chapter IV an assumption for 
determining total reactor molar flow rate was that cracking reactions 
break only one bond of each molecule resulting In equlmolar quantities
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of methane and hexanes, ethane and pentanes, and propane and butanes. 
Figure 15 is a plot of the ratios of these respective components versus 
total heptane conversion. It illustrates the general validity of this 
assumption although some individual deviations occur— such as a ratio 
of 0.8 for Cg/C^. The distribution of cracked products is shown in 
Figure 16. Despite a shift from normal to isoheptanes with increasing 
conversion this distribution remains the same over the entire conver­
sion range. Center cracking to yield C^'s and C^'s accounts for almost 
half (47%) of the cracked products. This indicates that the carbonium 
ion mechanism accounts for most of the cracking. Two-thirds of the re­
mainder goes to ethane and pentane (35%) with end cracking the smallest 
contributor (18%). The iso/normal ratio of cracked products is impor­
tant since the isomers have a much higher octane number and hence are 
much more valuable as gasoline blending components.
Figure 17 shows the iso/normal ratio of the C^-Cg cracked pro­
ducts. With increasing conversion the fraction of isomers increases 
and levels off for both Cg's and C^'s. For the C^’s, a maximum occurs 
near 35% total heptane conversion. The increase in iso/normal ratio 
with increasing conversion is due to the large fraction of isoheptanes 
in the reaction mixture at higher conversions. The maximum for pentane 
I/N ratio is probably due to a similar maximum in one particular isomer 
that preferentially cracks to isopentane.
2. Reaction Side Products and Intermediates
Reaction side products and intermediates can sometimes reveal 
interesting information on reaction mechanisms. In Figure 18 is shown 
the effect of space time on Cg aromatics. This material is the product
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Figure 16. Effect of Space Time on Light Gas Distribution— Pt Catalyst
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of disproportionation and polymerization reactions on the catalyst sur- 
face. The concentration of Cg aromatics increases linearly with conver­
sion similar to toluene. Very probably the same reactions and/or active 
sites that produce this heavier material also produce multi-ring aro­
matics and long chain hydrocarbons that cause coke formation on the 
catalyst. The presence of these heavier materials in the liquid product 
was evidenced by a yellowish color that darkened with increasing conver­
sion level. These heavier materials could not be measured by the GC in 
normal operation but did emerge from the GC after overnight operation at 
high oven temperatures.
In Figure 19 is shown the effect of space time on benzene and Cy 
olefin yields. Benzene yield increases in the same manner and at 
roughly the same level as Cg aromatics indicating that it is a product 
of disproportionation. The failure of benzene, as analyzed, to approach 
zero at low conversions is probably due to interference by miscellaneous 
Cy olefins and cyclopentanes that are combined with the benzene peak.
The Cy olefins shown in Figure 19 are a combination of several peaks—  
mainly isoheptenes. The increase in concentration of these components 
with decreasing conversion suggests that they are reaction intermediates.
The space time behavior of the non-aromatic ring components, 
ethylcyclopentane and a combination GC peak of methylcyclohexane and 
l-cis-2-dimethylcyclopentane, is shown in Figure 20. The increase in 
concentration of these components with decreasing conversion suggests 
that they are reaction intermediates. A more detailed component break­
down on several samples of liquid product at varying conversion levels 
showed that the split between methylcyclohexane and l-cis-2-dimethyl- 
cyclopentane in the lumped component is roughly 50:50. Assuming this
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split, at the high conversion levels (70-80% of total heptane) the 
methylcyclohexane is roughly in equilibrium with toluene. The same 
holds for ethylcyclopentane. Although the data suggest that both the 
Cg and Cg ring naphthenes are intermediates for toluene formation or 
other reactions, either compound type could simply be the product of 
isomerization of the other. In fact, within the accuracy of measurement 
of these very small concentrations the methylcyclohexane (assumed to be 
50% of combined peak with l-cis-2-dimethylcyclopentane) and ethylcyclo­
pentane are in equilibrium throughout the conversion range. However, 
this could not be the case for l-cis-2-diraethylcyclopentane since at 
equilibrium its concentration would be only 25% of that for methylcyclo­
hexane compared to the observed roughly equal quantities. Cyclopen­
tanes, other than the ones in Figure 20, could not be measured because 
their peaks coincided with either benzene, heptane, or the heptane iso­
mers. The general conclusion is that cyclopentanes are intermediates 
for reactions in this system— ring closure and/or possibly paraffin 
isomerization as discussed in Chapter II. Methylcyclohexane is possibly 
but not definitely an intermediate.
D. Platinum-Rhenium Catalyst
1. Principal Reaction Products
The yield of heptane conversion products as a function of total 
heptane conversion over the Pt-Re catalyst is shown in Figure 21. The 
yield pattern for this catalyst is almost identical to that of the plati­
num catalyst (Figure 11). However, at high conversion levels, the Pt-Re 
catalyst gives about 1 mole % higher toluene yield and a corresponding 
lower Cg yield.
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The selectivity of the overall isomerization reactions is shown 
in Figure 22. General isomerization behavior of the Pt-Re catalyst is 
identical to that of the platinum catalyst. Individual isomer distribu­
tions are shown in Figures 23 and 24 for the bimetallic catalyst. Com­
parison with the platinum catalyst (Figures 13 and 14) indicates very 
few differences. For the platinum catalyst at low conversion (<20% 
total heptanes), yields of the singly branched isomers, 2- and 3- 
methylhexane, are slightly lower than those of the bimetallic catalyst. 
While the overall doubly branched isomer yield is the same for the two 
catalysts, the Pt-Re catalyst makes somewhat more of the 2,2-dimethyl- 
pentane and a corresponding lesser amount of 2,4-dimethylpentane than 
the platinum catalyst.
Cracked product C^/C^, C^/C^, and C^/C^ ratios are shown in 
Figure 25 and cracked product distributions in Figure 26 for the Pt-Re 
catalyst. Product distributions are identical to those of the platinum 
catalyst except that the C^/Cg ratio is somewhat lower at high conver­
sions on the bimetallic catalyst. Iso/normal ratios. Figure 27, for the 
cracked products are the same for the two catalysts.
2. Reaction Side Products and Intermediates
Reaction side products and intermediates are shown in Figures
28-30 for the Pt-Re catalyst. Cg aromatic yields follow the same pat­
tern of the platinum catalyst but are slightly lower at high conversions 
for the Pt-Re catalyst (Figure 28). Benzene yields at high conversions 
(Figure 29) are also slightly lower for the bimetallic catalyst. Cy ole­
fin yields for the Pt-Re catalyst are identical to those of the platinum 
catalyst.
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Figure 27. Effect of Space Time on Cracked Product I/N Ratios—  
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Yields of cyclopentane and cyclohexane intermediates for the 
bimetallic catalyst (Figure 30) indicate somewhat different behavior 
than observed for the platinum catalyst. At high conversions the two 
catalysts give essentially identical yields of these compounds. However, 
with decreasing conversion, these ring intermediates increase rapidly 
for the platinum catalyst compared to only a small increase for the 
Pt-Re catalyst. If the typical dehydrocyclization reaction is assumed 
to take place by a primary reaction of ring closure followed by second­
ary reactions of ring isomerization (only for cyclopentanes), and/or 
ring dehydrogenation to the aromatic, then the lower product stream 
concentration of ring intermediates for the Pt-Re catalyst reflects the 
following possibilities: (1) a lower surface concentration and hence a
higher surface reaction rate for these intermediate rings on the Pt-Re 
catalyst; (2) more tightly adsorbed intermediate paraffin rings on the 
bimetallic catalyst; (3) adsorption limited reaction of the ring inter­
mediates on the platinum catalyst. The additional metal component on 
the platinum-rhenium catalyst might very well result in a higher surface 
hydrogenation/dehydrogenation activity. However, the same effect might 
be expected but is not observed for intermediate olefin yields. The 
adsorption properties of the two catalysts will be further discussed 
later in Chapter VIII on kinetic model correlation.
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CHAPTER VII 
EXPERIMENTAL EFFECT OF PRESSURE
A. Introduction
Evaluating the effect of pressure in a kinetic study has several 
benefits. First, it is one of the principal methods for studying reac­
tion mechanism. Control of this variable as well as the hydrogen/ 
hydrocarbon feed ratio allows independent control of hydrogen and hydro­
carbon partial pressures. It therefore permits determination of 
Langmuir-Hinshelwood type adsorption constants and is essential for de­
termining if reactions are single or dual site. Second, examining the 
effect of pressure should provide information about the preferred 
operating regime for these catalysts.
The pressure studies were made within the same run and on the
same catalyst charge used for the space time studies. As discussed in
Chapter V, overall activity of the catalyst remained constant during 
these studies. Space velocity was held constant at a value that gave 
30-40% total heptane (n-heptane + isoheptanes) conversion at the total 
pressure and hydrogen/hydrocarbon ratio used for the space time studies. 
With changing pressure, total heptane conversion varied over a range of 




W/Hr/W 3.2 (Ft), 3.75 (Pt-Re)
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The primary experimental strategy of the pressure study was to 
vary either hydrogen or heptane partial pressure while holding the other 
constant using hydrogen/n-heptane ratio for control. The experimental 
grid of runs is shown in Figure 31 for the platinum catalyst and in 
Figure 32 for the Pt-Re catalyst.
B. Hydrogen Partial Pressure Effect on Overall Selectivity
1. Platinum Catalyst
The effect of hydrogen partial pressure at constant heptane par­
tial pressure (19-20 psig) is shown in Figures 33-37 for n-heptane, 
singly branched isomers, doubly branched isomers, toluene, and cracked 
products, respectively. Figures 34 and 35 show a gradual decrease in 
conversion of both isoheptanes as hydrogen partial pressure is increased. 
Figure 33 shows the same general trend for n-heptane conversion above 
200 psia hydrogen partial pressure. Figures 36 and 27 show a correspond­
ing decrease in both toluene and cracked products. This general trend 
indicates that hydrogen is competing with hydrocarbons for active sites 
and hence decreasing the reaction rate of hydrocarbons as hydrogen par­
tial pressure is increased (at constant hydrocarbon partial pressure).
Two exceptions to the general trend are n-heptane and cracked
products at the very low 100 psia hydrogen partial pressure level. Below
120-130 psia the trend to increasing conversion with decreasing pressure
is reversed and the concentration of n-heptane passes through a minimum
and begins to increase while the yield of cracked products decreases. A
sharp decrease in isoheptanes is also observed at the low pressure. This
indicates that both acid site reactions, isomerization and cracking, are
(2)suppressed at very low hydrogen partial pressures. Sinfelt observed
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this same behavior and explained it as a buildup of heavy carbonaceous 
residues on the surface of the catalyst at low hydrogen pressure. From 
very low pressures up to the point where competitive adsorption begins 
to decrease conversion, the function of increasing hydrogen pressure is 
to hydrogenate or displace these residues.
Further examination of the effect of pressure on isomerization, 
Figures 34 and 35, shows that while the primary n-heptane isomerization 
rate and hence total isomers drop considerably at low pressures the 
ratio of double branched to single branched isomers remains constant 
over the entire range of pressure. This suggests possibly different 
rate limiting steps for the isomerization of n-heptane compared to the 
isomerization of methylhexanes. Examination of the individual isohep­
tane components yielded no trends different from those shown in Figures 
34 and 35 and hence these will not be further discussed.
The effect of hydrogen partial pressure on cracked product dis­
tribution is shown in Figure 38. While the reactions producing Cg's 
through Cg's decreased in magnitude with increasing hydrogen partial 
pressure, the reaction producing methane and hexanes increased. This 
suggests that at least a portion of this latter reaction occurs by a 
different mechanism. Very possibly the reaction to produce methane is 
metal site hydrogenolysis compared to the carbonium ion cracking that 
preferentially forms C^'s and C^'s. This agrees with Myers and Munns^^'^ 
who also observed two kinds of cracking; carbonium ion cracking at the 
center of the molecule; and metal site (platinum) cracking that breaks 
all bonds with equal frequency.
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2. Platlnum-Rhenlum Catalyst
The effect of hydrogen partial pressure on Pt-Re catalyst yields 
is shown in Figures 39-43. Compared to the platinum catalyst (Figures 
33-37), the same general trend of decreasing conversion with increasing 
pressure is observed. However, the Pt-Re catalyst shows significantly 
different behavior from the platinum catalyst at low hydrogen partial 
pressure. Although slight reductions in both isomerization and cracking 
are noted at low pressure, the very pronounced reduction in the cracking 
reactions and n-heptane conversion, as observed with the platinum cata­
lyst, do not occur (Figure 39 vs. Figure 33). A quite distinct differ­
ence between the two catalysts is observed in toluene yield. Figure 42. 
Although the two are nearly identical at 290 psia hydrogen pressure, at 
100 psia the Pt-Re catalyst has roughly 40% higher toluene yield.
The Cy isomer selectivity. Figures 40 and 41, is also somewhat 
different for the bimetallic catalyst. While the dimethyl- and ethyl- 
pentanes follow the same curve at reduced pressures as those for the 
platinum catalyst (Figure 34), the singly branched methylhexanes (Figure 
40) fall much below those for platinum (Figure 34). Apparently, the 
extra conversion to toluene and cracked products at low pressure for the 
Pt-Re catalyst comes primarily from n-heptane and its singly branched 
isomers.
Distribution of cracked products for the Pt-Re catalyst is shown 
in Figure 44. All components follow the same general pattern observed 
for the platinum catalyst (Figure 38). At low pressures reduction in 
center cracking to C^'s and C^’s is much less for the Pt-Re catalyst.
Figure 45 compares overall selectivity to desired products (aro- 
matics) for the platinum and Pt-Re catalysts. Selectivity is very
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Figure 39. Effect of Hydrogen Partial Pressure on n-Heptane Yield—  
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similar for the two at hydrogen partial pressures above 150 psia with 
the Pt-Re catalyst having a slight edge. However, toward lower pres­
sures the Pt-Re catalyst shows an increasing selectivity credit over the 
platinum catalyst. If cue buildup of carbonaceous materials at low 
pressure is responsible for lower rates of conversion we might reason 
at this point that the function of the rhenium component is to either 
prevent the formation of these materials or keep these active sites—  
preferentially the dehydrocyclization sites— free of this catalyst 
poison.
C. Hydrogen Partial Pressure Effect on Reaction 
Intermediates and By-Products
1. Platinum Catalyst
The effect of hydrogen partial pressure on reaction by-products
for the platinum catalyst is shown in Figures 46 and 47. In Figure 46,
+Cg aromatics increase sharply as pressure is lowered. This indicates 
an increase in disproportionation and/or polymerization at low pressures. 
Comparison with Figure 47 shows the same type effect for benzene; how- 
ever, the magnitude is not as great. The ratio of Cg aromatics to ben­
zene increases from 1.4 at 195 psia to 2.5 at 100 psia. This suggests 
that polymerization rather than disproportionation is playing the major 
role at lower pressures and verifies the observation that excessive 
amounts of carbonaceous or heavily crosslinked hydrocarbons are probably 
produced at these conditions. These conclusions agree with the general 
experience of much greater rates of catalyst deactivation or carbon pro­
duction for low pressure reforming.
Pressure sensitivity of reaction intermediates is shown in 
Figures 47 and 48. An increase in Cy olefins varying inversely with
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
164
LEGEND


















4&0.00 100.00 150.00 200.00 250.00
HYDROGEN P A R T I A L  P R ES SURE,  P S I A
300.00
Figure 46. Effect of Hydrogen Partial Pressure on Cg Reaction By- 
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Figure 48. Effect of Hydrogen Partial Pressure on Reaction Inter­
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pressure is expected due to equilibrium. The observed increase at low 
pressures is somewhat greater than this and suggests that reactions 
which consume olefins are being slowed at low pressures. This indeed 
has been observed (Figures 33-37) for the acid site paraffin cracking 
and isomerization reactions, which require olefin intermediates prior 
to the carbonium ion reaction. Figure 48 shows a similar low pressure 
increase for the cyclopentane and cyclohexane ring intermediates. For 
these components equilibrium control should decrease rather than in­
crease their concentrations at low pressures. Apparently, either the 
rate of ring formation is increased more rapidly than subsequent ring 
isomerization and/or dehydrogenation at low pressure,or coke precursors 
are competing with the cyclic paraffins for surface active sites. This 
same behavior was observed in Figures 33-37 as an increase in selec­
tivity for metal site ring closure reactions compared to acid site iso­
merization and cracking reactions. These trends indicate that the pro­
duction of carbonaceous type materials and their competition for active 
sites at low pressure affects primarily the acid site reactions and that 
the metal sites are able to preserve a greater portion of their activity.
2. Platinum-Rhenium Catalyst
Hydrogen partial pressure dependence of Cg aromatics and benzene 
yields for the Pt-Re catalyst in Figures 49 and 50 follow the same trend 
observed for the platinum catalyst. Benzene yields are essentially 
identical for the two catalysts; however, Cg aromatics are significantly 
lower for the Pt-Re catalyst at low hydrogen pressure. This perhaps 
offers an explanation for the improved low pressure performance of the 
Pt-Re catalyst; by producing less heavy material via polymerization
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
168
LEGEND
0  TOTAL C8-C10 PRODUCT
*^^00 100.00 150.00 200.00 250.00 300.DQ
HYDROGEN P A R T I A L  PRE SSU RE ,  P S I A
Figure 49. Effect of Hydrogen Partial Pressure on Cg Reaction By- 
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Figure 50. Effect of Hydrogen Partial Pressure on Intermediate and 
By-Products— Pt-Re Catalyst
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type reactions the surface concentration of these materials Is less, 
catalyst activity Is therefore greater, and less surface coke Is pro­
duced since there are fewer of these coke precursors.
Reaction Intermediates for the Pt-Re catalyst are shown In 
Figures 50 and 51. Cy olefin yield Is similar to that of the platinum 
catalyst but is significantly lower at low pressures. Ring Inter­
mediates In Figure 51 are quite different for the Pt-Re catalyst.
These do not show the sharp Increase noted at low pressures for the 
platinum catalyst. The Increase In these Intermediates at high pres­
sures Is probably due to the expected equilibrium shifts with Increas­
ing pressure. Since all reactions are more rapid at low hydrogen pres­
sure for the Pt-Re catalyst, these flat Intermediate component concen­
tration profiles suggest that no Inhibition of subsequent ring Isomeri­
zation and dehydrogenation reactions occurs at the low hydrogen partial 
pressures of this study. There are several possible explanations: the
Pt-Re catalyst produces much less carbonaceous material at low pressures; 
the bimetallic catalyst Is less affected by the carbonaceous products; 
ring closure occurs by different mechanisms on the Pt-Re and platinum 
catalysts. The lower Cg aromatics production for the Pt-Re catalyst and 
Its better low pressure performance support the first two possibilities.
A much steeper response of toluene yield (Figure 42) to hydrogen partial 
pressure for the Pt-Re catalyst supports the last explanation. These 
will be examined further In Chapter VIII which discusses correlation of 
the parameters for the kinetic model of this system.
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Figure 51. Effect of Hydrogen Partial Pressure on Reaction Inter­
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D. Hydrocarbon Partial Pressure
1. Platinum Catalyst
The effect of hydrocarbon (n-heptane at reactor Inlet) partial 
pressure is shown in Figure 52 for n-heptane, toluene, and the dimethyl- 
pentanes, in Figure 53 for the methylhexanes, and in Figure 54 for the 
cracked products. Normal heptane and the singly branched isomers show 
a linear increase in conversion with increasing hydrocarbon partial 
pressure up to about 28 psia and then very little change. Most of this 
increased conversion seems to result in increased cracked products. 
Toluene shows only a slight increase with increasing hydrocarbon partial 
pressure. For the dehydrocyclization reaction, increasing hydrocarbon 
partial pressure seems to produce a side effect that decreases reaction 
rate almost as fast as the larger concentration driving force increases 
it. Since this reaction is far from equilibrium the counter force must 
be Langmuir-Hinshelwood type competitive adsorption. Apparently this 
competitive adsorption affects the cracking reaction only at high hydro­
carbon partial pressures. The constancy of the dimethylpentane isomers 
which are expected to crack easily suggests that these are being replen­
ished at the same increased rate as they are reacting. The net overall 
effect of increased hydrocarbon partial pressure is to increase conver­
sion and decrease selectivity to toluene.
Changing hydrocarbon partial pressure had no appreciable effect 
on any intermediates or by-products except Cg aromatics. Figure 55, which 
increased by more than a factor of three as hydrocarbon partial pressure 
was increased by a corresponding amount. Benzene, Figure 55, changed a
-j-negligible amount indicating that the increased Cg was due to
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Figure 53. Effect of Hydrocarbon Partial Pressure on Single Branched 
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Figure 55. Effect of Hydrocarbon Partial Pressure on Reaction By- 
Products— Pt Catalyst
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polymerization reactions to form high molecular weight residues. These 
materials could be at least partially responsible for the suppression 
of the dehydrocyclization reaction at high hydrocarbon partial pressures.
2. Platinum-Rhenium Catalyst
The effect of hydrocarbon partial pressure on Pt-Re catalyst 
yields is much the same as that for the platinum catalyst as shown in 
Figures 56-58. However, one distinction is noted: the increase in
hydrocarbon partial pressure for the Pt-Re catalyst resulted in a neg­
ligible 3 percent increase in toluene yield compared to a 19 percent 
increase for the platinum catalyst. This indicates a much stronger com­
petitive adsorption effect on dehydrocyclization for the Pt-Re catalyst 
with increasing hydrocarbon partial pressure. The by-product Cg aro­
matics, Figure 59, are only slightly higher for the Pt-Re catalyst and 
therefore are probably not responsible directly for the increased sup­
pression of dehydrocyclization.
The overall selectivity to aromatics versus hydrocarbon partial 
pressure is shown in Figure 60. For both catalysts selectivity de­
creases with increasing hydrocarbon partial pressure; however, the ef­
fect is more pronounced with the Pt-Re catalyst. The Pt-Re catalyst is 
more selective to aromatics at low hydrocarbon partial pressure; and the 
platinum catalyst, more selective at high hydrocarbon partial pressure.
This greater sensitivity to a change in hydrocarbon partial 
pressure added to similar effects for hydrogen partial pressure for the 
Pt-Re catalyst suggests that this catalyst is different from the plati­
num catalyst in one or more of the following aspects: the magnitude or
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Figure 56. Effect of Hydrocarbon Partial Pressure on n-Heptane, Iso­
heptane, and Toluene Yields— Pt-Re Catalyst
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Figure 57. Effect of Hydrocarbon Partial Pressure on Single Branched 
Isoheptanes— Pt-Re Catalyst
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Figure 58. Effect of Hydrocarbon Partial Pressure on Cracked Product 
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form of the Langmulr-Hlnshelwood adsorption terms, the rate limiting 
step for dehydrocyclization, and/or the number of active sites involved 
in the rate limiting step.
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CHAPTER VIII
KINETIC MODEL TUNING AND PARAMETER EVALUATION
A. Introduction
The desirable result of a kinetic study such as the one dis­
cussed here is a model that can be used to predict product yields at 
any reasonable combination of conditions over the range of the experi­
mental data base. In addition, if the model has a theoretical rather 
than an empirical basis it may also be used with care to extrapolate 
predictions for a reaction system outside the range of experimental 
data. A secondary objective of this study is to identify, if possible, 
the mechanism for the n-heptane reforming reactions and any differences 
in mechanism between the platinum and Pt-Re catalysts.
The strategy for obtaining these objectives involved first, 
simplifications to the kinetic model developed in Chapter IV and compo­
nent lumping to make computer solution practical and desired rate con­
stants meaningful within the accuracy of experimental data. Next, each 
reaction rate constant was converted into a form that includes Langmuir- 
Hinshelwood adsorption constants. The number and nature of the adsorp­
tion terms was gradually increased in complexity until the simplified 
model adequately predicted the experimental data. Finally, this optimum 
adsorption expression was "tuned" to fit the more complex non-lumped 
reaction system.
185
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B. Model Simplification
In Chapter IV a kinetic model comprised of five differential 
equations (equations 41-45) was developed to describe the reaction 
scheme proposed in Chapter II (Figure 2). The pseudo-rate constants in 
the equations (41)-(45) are very complex functions of hydrogen partial 
pressure and other rate constants as defined in equations (46)-(58) in 
Chapter IV. These pseudo-rate constants do, however, represent the in­
dividual reaction rate constants for the reaction network after apply­
ing the steady state simplification to the low concentration inter­
mediate alkylcyclopentanes. This reaction system using the pseudo reac­
tion rate constants of equations (41)-(45) of Chapter IV is shown in 
Figure 61. Determination of the reaction rate constants, the form of 
the Langmuir-Hinshelwood model, and the individual Langmuir-Hinshelwood 
adsorption constants satisfies the basic objectives of this chapter.
The impact of simplifying the scheme of Table 1 (Chapter IV) to 
that of Figure 61 deserves further attention. The simplification, in 
essence, combines parallel reactions for two different dehydrocycliza­
tion mechanisms to form toluene from both n-heptane and the methyl- 
hexanes. One mechanism involves direct six ring closure to toluene; 
the other involves five ring closure to an alkylcyclopentane followed 
by dehydroisomerization of the alkylcyclopentane to toluene. Although 
this simplification prevents exact determination of the ring closure 
mechanism it still allows comparison of rates for the heptane isomers as 
well as comparison between catalysts. Several computer scoping runs 
using the detailed reaction scheme indicated that the computer time was 
excessive and the confidence limits on parallel reaction rate constants 
were too large to distinguish these constants. This simplification







Note: Rate constants shown are pseudo reaction rate constants
used in equations (41)-(45) of Chapter IV.
Figure 61. Simplified n-Heptane Reaction Network
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also rules out determination of the contribution to paraffin isomeriza­
tion by successive ring closure and opening on metal sites.
Further simplification of the reaction scheme of Figure 61 was 
necessary to keep computer time within reason while developing the 
proper form of the Langmuir-Hinshelwood adsorption terms. This final 
simplification involves lumping the Cy singly branched isomers with the 
Cy doubly branched isomers. Since the reactions are assumed to occur 
by the same mechanism, no accuracy is sacrificed in the model develop­
ment. Table 3 summarizes the reaction scheme and differential equations 
obtained by lumping Cy isomers in the scheme of Figure 61 and the reac­
tion rates and concentrations in equations (41)-(45) of Chapter IV.
C. Development of the Langmuir-Hinshelwood Adsorption Model
The basic strategy for development of the adsorption model was 
to start with a very simple form and add additional terms based on 
trends observed in the experimental data in Chapters VI and VII. Ad­
sorption model development was centered first on the platinum catalyst 
and then tested for applicability on the Pt-Re catalyst with subsequent 
modifications. A representative data set from the space time, hydrogen 
partial pressure, and hydrocarbon partial pressure effects studies was 
used for each catalyst. Although the pressure data are of prime impor­
tance in developing the form of the adsorption model, the space time 
data served as a necessary constraint to keep the model applicable over 
a wide range of conversion. To keep computer time reasonable the data 
base was held to 16 sets of data (four dependent variables per data set) 
out of 30-35 sets available. The full data set was used to determine 
parameters for the final model of Figure 61.
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N. “ molar flow rate of component i, gm-moles/hr where subscript i 
represents the following:
N = n-heptane
I = lumped isoheptanes
T = toluene
C ® Cg cracked products
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The significance of an improvement in model fit is evaluated by 
applying the "F test" to weighted variance ratios. The procedures for 
this test as discussed here have been adapted from an excellent discus­
sion on this subject by Kittrell. 
particular model is defined as;







"rv = - 1) - "mp + % (2)
D = degrees of freedom associated with residual variance RV.rv Constant 2 in above expression for lumped model of Table 4 
becomes 5 for model of Figure 61.
Mj = number of data points as
= number of dependent variables, Y, at each data point
M ■= number of model parameters mp
= model calculated yield value of dependent variable i 
Y^ = experimental value of dependent yield variable i
Weighted pure experimental error variance PV is defined for replicate 
data points at the same experimental conditions as:
MrsI
PV =
'm  m / 1rp cI Ï
i=l
f'i - *i A
(3)
\ s  - :
»rp " (Mrp - (4)
= degrees of freedom associated with each set of replicate data
points
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M = number of replicate data points at a fixed set of experi- 
mental conditions
= number of sets of replicate data points
V  '  ̂'”rp - "
D = degrees of freedom associated with PV pv
The residual variance or accuracy of fit is compared to the experimental
error variance or data accuracy with the "F test." If
RV, - RV,
PV " > f95%(»rv ' Dpv)
then the change in going from model^ to model^ is a significant improve­
ment in data prediction. This technique also defines the best possible 
fit as: RV 2  PV. For the data of this study most points were obtained
in duplicate in addition to replicates for tie-in deactivation checks. 
This resulted in a pure error experimental error variance of 0.00123 
(48 degrees of freedom) for the platinum catalyst and 0.00064 (44 de­
grees of freedom) for the Pt-Re catalyst. These represent average 95% 
confidence limits as a percentage of each dependent variable (product 
concentration) of 7% for the platinum catalyst data and 5% for the 
Pt-Re catalyst data. For the 16 data sets used to screen various ad­
sorption models a significant improvement in data prediction requires a 
reduction in residual variance of the 16 sets of pressure study data by 
0.0022 for the platinum catalyst and 0.0011 for the Pt-Re catalyst.
This is based on a model that has approximately 12 parameters. For all 
model comparisons this residual variance reduction for the pressure 
study data was a requirement along with a reduction in the overall
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residual variance of the 16 sets of space time and pressure data.
A second criterion for deciding on the particular form of a ki­
netic model is the confidence limits on the rate constants determined 
for that model. For non-essential terms, such as those for competitive 
adsorption, a parameter may be deleted if it has 95% confidence limits 
that include zero. A rate constant or adsorption constant that is nega­
tive is also a good indication of an inadequate model.
Development of the format for the rate constant adsorption terms 
will be discussed only briefly here to outline the major steps involved 
and the rationale behind the terms used in the final adsorption model.
Very early in the kinetic model study it was found that a rea­
sonable data fit could be obtained only if the hydrogen partial pressure 




the more appropriate expression is
dNg-
"d0~ ^
The effect of hydrogen partial pressure on cracked product yield in 
Figures 37 and 43 of Chapter VII also clearly demonstrate that the 
cracking reaction rate does not increase with hydrogen partial pressure. 
The overall impact of hydrogen partial pressure on selectivity as pre­
viously mentioned is primarily one of competitive adsorption. Similar 
effects are noted for toluene yield. Since toluene yield (Figures 36 
and 42 of Chapter VII) is decreased at a more rapid rate than cracked
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products, the net effect of an increase in hydrogen partial pressure is 
a reduction in selectivity to aromatics.
This zero order dependency of cracking on hydrogen partial pres­
sure can be explained by several different mechanisms. These include a 
heptane (iso- or normal) adsorption limited reaction mechanism, a rate 
limiting heptane dehydrogenation (to heptene) step, or a rate limiting 
carbonium ion cracking step— described in Section C3 of Chapter II.
Since dehydrogenation reactions are normally several orders of magni­
tude faster than reactions involving molecular structure changes it is 
very unlikely that heptene formation is rate limiting. Further distinc­
tion between the adsorption limited mechanism and an acid site cracking 
rate limiting step are not possible for the data of this study. For 
either mechanism the numerator hydrogen partial pressure term is can­
celled by a corresponding denominator term.
The basic initial format chosen for the denominator adsorption 
term of each rate constant was
(1 + = Adsorption term (9)
where each constant k^ has the form
^i (Adsorption term)
In this form the same hydrogen and hydrocarbon adsorption constants 
were used for both acid and metal sites. Selman^^^ applied this format 
successfully for a similar study on the reforming reactions of methyl- 
cyclopentane and A l l a n a p p l i e d  it to the dehydrogenation of cyclo- 
hexane. The residual variance for the platinum catalyst data using this 
form was 0.0110 with all adsorption term exponents unity compared to
0.0270 for no adsorption term at all. The difference between these is
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well above the 0.0322 delta needed for a statistically significant im­
provement. Although other denominator exponents were tried, for pur­
poses of illustrating model development all reactions are assumed to be 
single site. The effect of dual versus single site will be discussed 
in connection with the final model form.
Since overall reaction rate appeared to decrease with increas­
ing conversion, the product toluene was next investigated as a poten­
tial adsorption term:
" + V p + V h + (")
Here includes all paraffin hydrocarbon components. Using this ad­
sorption term in all reaction rate constants, the residual variance was
reduced from 0.0110 to 0.0088. Again this is a statistically signifi­
cant improvement. For adsorption models of this type the denominator 
adsorption equilibrium constant is also used in the reaction potential 
term along with the corresponding component partial pressure. For 
example, in the reaction of n-heptane to toluene
A
Potential term = ICP - (12)
equil
The next strategy was to separate metal and acid site function­
ality. Paraffin hydrocarbon, toluene, and hydrogen partial pressure
terms were perturbed one at a time, to determine if significantly dif­
ferent adsorption constants would be obtained for the acid sites (iso­
merization and cracking reactions) and metal sites (dehydrocyclization 
reactions). Both the paraffin hydrocarbon and the toluene adsorption 
terms were not significantly different for acid and metal sites.
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However, the hydrogen adsorption term for the acid sites was much dif- 
from that for the metal sites. The resultant model after these pertur­
bations contained common adsorption terms for paraffins and toluene but 
different adsorption terms for hydrogen on acid and metal sites. The 
residual variance for this model was 0.0062 compared to the previous 
.0088. Again this is a significant improvement.
At this point analysis of residuals between actual and pre­
dicted yields indicated an increasing bias with decreasing hydrogen 
partial pressure: predicted toluene and cracked product yields were
significantly higher than actual yields at low hydrogen partial pres­
sure. This trend agreed with observations from the pressure study in 
Chapter VII that at low hydrogen partial pressures many of the reac­
tions— particularly for the platinum catalyst— are suppressed by build­
up of heavy hydrocarbon residues or coke precursors on the active sites. 
Therefore it was desirable to incorporate into the Langmuir-Hinshelwood 
model a term for the competitive adsorption of this material. The for­
mation of Cg to aromatics is probably indicative of the polymeriza­
tion and dehydrogenation reactions that form these high molecular weight 
surface residues. The Cg to C^q aromatics paralleled toluene formation 
at high conversions and low hydrogen partial pressure. If the unmeasur­
able residues are assumed to form by much the same mechanism as toluene 
and the heavier aromatics, then they might well be considered reaction 
products from further dehydrogenation and/or polymerization of toluene. 
The following is a crude, representation of this type reaction:
Toluene Carbonaceous Residues + mHg 
Although toluene may not be the exact precursor it is representative of
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the ring closure, dehydrogenation and polymerization intermediates that 
further react by similar mechanisms to heavier material. For steady 
state catalyst activity there should be an equilibrium concentration of 
this material on the catalyst active sites at any point in the catalyst 
bed. This equilibrium may be expressed as
^ _ ^carbonaceous residues] (Pr]™ (13)
ptoluene
Solving for the concentration of the carbonaceous residue
p
^carbonaceous residue a (14)
(PR)"
If this expression is now included in the denominator adsorption term 
for each rate constant, the following results
1 + Vp + Vh + ■SroiVi + 'SiP 'Toi(PR)*j (15)
where is the equilibrium adsorption constant for the heavy hydro­
carbon residue. Unlike the other adsorption constants including the 
toluene adsorption term the one for surface residues is not used in the 
reaction potential term since no reactions involving these heavy mate­
rials are included in the reaction scheme.
Since the sensitivitiy of acid sites to these heavy carbonaceous 
residues or coke precursors would be expected to be different from that 
of metal sites, a different adsorption constant was used for acid and 
metal sites and the exponent m was selected as either 0, 1, 2, or 3 to 
give the best fit to the experimental data.
Initially, the same acid site adsorption terms for heavy
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hydrocarbon residues was applied to both cracking and isomerization rate 
constants. However, this form would not predict the very sharp drop in 
isoheptanes at low hydrogen partial pressures as shown in Figures 34 and 
35 of Chapter VII, nor would it predict the corresponding increase in 
normal heptane in Figure 33 of Chapter VII. Therefore, separate "resi­
due" or coke precursor adsorption terms were used for the isomerization 
and cracking reactions and a much better prediction of the experimental 
data was obtained. Residual variance for this final version of the 
Langmuir-Hinshelwood denominator adsorption expression was 0.0038 com­
pared to the previous 0.0062. This improvement just barely passes the 
"F test."
D. Kinetic Model Parameter Evaluation
The previous section described the general development of the 
rate constant adsorption terms for the reaction schemes shown in Table 3 
and Figure 61. In this section the final form and sensitivity of the 
kinetic model Langmuir-Hinshelwood adsorption terms will be discussed.
The final adsorption model and its parameters for the platinum catalyst 
will be discussed first and then compared with that for the Pt-Re 
catalyst.
1. Final Platinum Catalyst Model
The final form of the denominator terms of the Langmuir- 
Hinshelwood rate constants are as follow for the platinum catalyst 
models of Table 3 and Figure 61;
Metal Site Dehydrocyclization
% ^ p  ^ ^ H  ^ol^Tol^ (IG)
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Acid Site Cracking





1 + Kppp + + SroiPToi +
The denominator residue or coke precursor terms for the metal site de­
hydrocyclization reactions as well as the acid site cracking reactions 
were not statistically different from zero and therefore were not in­
cluded in the final model.
The model fit was much better for all rate constants with a de­
nominator exponent of one indicating a single site mechanism. The only 
feasible model with exponents other than one used an exponent of two 
for both dehydrocyclization reactions. This gave a poor fit to the 
toluene data resulting in a residual variance of 0.0089 for the pressure 
data compared to 0.0038 using single site dehydrocyclization. The dif­
ference is much larger than the value of .0022 required for a signifi­
cant model improvement. All other attempts to use a dual site reaction 
mechanism resulted in either negative reaction rate constants or un­
realistic values for these constants.
The exponent of one on hydrogen partial pressure in the residue 
or coke precursor adsorption term for the isomerization rate constant 
gave a beLLer data fit than a value of two or zero. However, the data 
fit for a value of one was not statistically different from that for 
two.
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a. Lumped Four Component Model Parameters
The values of the numerator surface reaction rate constants, 
reaction equilibrium constants and denominator adsorption equilibrium 
constants are presented in Table 4 for the platinum catalyst lumped 
isoheptanes model of Table 3. The 95% confidence limits on the model 
parameters are quite good. The procedure for determination of these 
confidence limits was discussed in Chapter IV. The isoheptanes show a 
significantly lower dehydrocyclization rate and higher cracking rate 
than normal heptane for this lumped isoheptanes model; therefore, the 
normal heptane is much more selective than the isoheptanes to the pre­
ferred product toluene.
The Langmuir-Hinshelwood adsorption constants reveal some in­
teresting catalyst properties. A most significant observation from 
Table 4 is that the adsorption equilibrium constant for toluene is 
roughly twelve times that of the paraffins and the adsorption constant 
for paraffins is more than three times that of hydrogen. The residue 
or coke precursor adsorption equilibrium constant is quite large. At 
97 psia hydrogen partial pressure this denominator competitive adsorp­
tion term affecting the isomerization reaction rate constant is four 
times as large as the next largest term, toluene adsorption. This sug­
gests that at even lower pressures the residue adsorption term would 
completely dominate the isomerization reaction rate constant on the 
platinum catalyst. For a feed with mostly straight chain paraffins 
this would improve selectivity to aromatics by slowing the rate of for­
mation of the less selective isoparaffins. However, for a feed high in 
branched paraffins, suppression of the reverse Isomerization reaction 
could seriously lower selectivity at low pressures by the reverse effect.
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Surface Forward Reaction Rate Constants*
NCy==±ICy ^df Acid 0.392 ±0.131
NCy3=±Tol ka Metal 0.0482 ±0.0170
ICy^=±Tol \ c Metal 0.0130 ±0.0073
N C y ^ C g ^8 Acid 0.0223 ±0.0062
i c ^ ^ c - ^ 4 Acid 0.0459 ±0.0179
Reaction Equilibrium Constants**
NCy;F=^ICy ^df Acid 4.09 ±0.40
Adsorption Equilibrium Constants
Paraffins 4 All 0.899 ±0.467
Hydrogen Metal 0.266 ±0.070
«HA Acid 0.126 ±0.025
Toluene ^ o l All 11.0 ±3.3
Residue %R Acid 218.0 ±125.0
*See Table 3 for reaction schematic.
**Equilibrium constants not shown were calculated from literature 
thermodynamic data or from other equilibrium constants— see Table 8.
This competitive adsorption term Kp^Tol/^H included only in 
the acid site isomerization reaction and not in the acid site 
cracking reactions.
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It should be noted that the value of 4.09 for the isoheptanes/ 
n-heptane equilibrium Is somewhat lower than a value of 5.5 calculated 
using the Individual reaction equilibrium constants and lumping proce­
dures presented In Chapter IV. This lower than predicted equilibrium
(2)Iso/normal heptanes ratio was also observed by Hettinger et al.
b. Five Component Model Parameters
Essentially all development of the five component kinetic model 
form was completed on the lumped four component, eleven parameter model. 
This avoided the additional computer time required for each run on the 
sixteen parameter model. However, one very significant adjustment was 
necessary to enable this five component model to predict the observed 
data as well as the lumped model whose parameters are listed In Table 4. 
It was found that using the same denominator adsorption terra as that of 
the lumped model for all three Isomerization reactions resulted In a 
very poor prediction of the Isoheptanes and n-heptane. An adequate pre­
diction of the experimental data could be attained only by using the 
acid site denominator terra (same as that used for cracking reactions) 
for the reaction constant for methylhexane secondary Isomerization to 
dimethylpentanes. The Isomerization reactions of n-heptane to both the 
single and double branched Isomers were best predicted using the Iso­
merization acid site denominator term which Includes the residue or coke 
precursor adsorption term.
This peculiarity of the various Isomerization reactions suggests 
several possibilities for the Isomerization reaction rate control mecha­
nism on the platinum catalyst. First, the Isomerization reactions of 
n-heptane could be adsorption limited resulting In the different observed
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behavior for the two primary reactions compared to the secondary iso­
merization of the singly branched isomers. Second, a different surface 
mechanism or active site could be involved for the two different reac­
tions— the secondary isomerization reactions of the methylhexanes could 
occur on acid sites via the carbonium ion mechanism and the primary iso­
merization reactions of n-heptane, via successive naphthene ring 
closure and opening on metal sites. The reverse of this is also pos­
sible for the two seemingly different isomerization reactions. However, 
since the carbonium ions of n-heptane would be much less stable than 
those of the methylhexanes it is more likely that the n-heptane primary 
isomerization reactions would occur by a mechanism other than carbonium 
ion.
One additional study made during the final kinetic model devel­
opment was aimed at testing the validity of the reaction scheme chosen. 
The objective was to determine if direct isomerization of n-heptane to 
the dimethyl substituted isomers was realistic. Therefore the model 
was modified assuming the dimethylpentanes (ethylpentane single branched 
isomer lumped with the methylhexanes) could be formed only from second­
ary isomerization of the single branched heptane isomers. This model 
fit the data very poorly compared to the model with direct heptane iso­
merization to dimethylpentanes and ethylpentane. It cannot be resolved 
in this study whether this reaction occurs by the carbonium ion mecha­
nism or through ring closure to a dimethyl- or ethylcyclopentane fol­
lowed by ring opening. However, the ring closure/opening mechanism can 
occur by the very simple steps shown below:
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Here the X X denotes bonds to surface active sites.
The values of all parameters for the five component kinetic 
model of Figure 61 are tabulated in Table 5. The overall residual 
variance of this final model is .0028 compared with an experimental 
error variance of .0012. The confidence limits on the surface forward 
reaction rate constants and equilibrium constants are much broader 
than those of the four component lumped model of Table 4. These confi­
dence limits reflect the change in the dependent component yield 
variables for a perturbation to a given rate constant. For the more 
complex reaction scheme a number of parallel paths exist for the forma­
tion of any one component. Therefore when a rate constant is changed 
to decrease or increase the concentration of one component A, a corre­
sponding increase or decrease in another component B, increases the po­
tential term for formation of A from B via a route parallel to the 
reaction whose rate constant was perturbed.
Despite the broad confidence limits the same general trends in 
relative reaction rate were observed in the five component model as in 
the four component lumped model. With increasing branchiness the iso­
paraffins showed decreased dehydrocyclization and increased cracking. 
The zero dehydrocyclization rate for the dimethylpentanes represents 
round-off of a very small negative number. The adsorption equilibrium
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TABLE 5. Parameters for Simplified Kinetic Model— Platinum Catalyst
Type Parameter Confidence
Reaction Name Site Value Limits (95%)
Surface Forward Reaction Rate Constants*
NCy;==±MH "d Acid 0.296 ±0.078
NCy;==±DMP k, Acid 0.0730 ±0.0270
MH ^=±DMP ke Acid 0.0795 ±0.0663
NCy3=±Tol ka Metal 0.0375 ±0.0097
MH ^ T o l kb Metal 0.0275 ±0.0232
DMP;==±Tol kc Metal 0.0000 ±0.0339
NCy C- kg Acid 0.0260 ±0.0096
MH -»■ Cg klO Acid 0.0372 ±0.0232
DMP -»■ Cg kll Acid 0.0504 ±0.110
Reaction Equilibrium Constants**
N C ^ ^ M H %d Acid 2.78 ±0.53
MH ^=±DMP %e Acid 0.508 ±0.452
Adsorption Equilibrium Constants
Paraffins Kp All 0.831 ±0.207
Hydrogen r̂iM Metal 0.269 ±0.051
kRA Acid 0.108 ±0.016
Toluene 4 o i All 9.65 ±2.66
Residue %R Acid 194.0 ±68.0
*See Figure 61 for reaction schematic.
**Equilibrium constants not shown were calculated from literature 
thermodynamic data or from other equilibrium constants— see Table 8.
This competitive adsorption term KgPToi/Py is included only in 
the acid site isomerization reactions of n-heptane. It is not included 
in the methylhexane acid site isomerization to dimethylpentanes or the 
acid site cracking of paraffins.
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constants for the complex model of Figure 61 are statistically all the 
same as those of the lumped parameter model of Table 3.
Actual versus kinetic model predicted yields are shown in 
Figure 62 for the effect of space time, in Figure 63 for the effect of 
hydrogen partial pressure and in Figure 64 for the effect of hydro­
carbon partial pressure. The only difficulty encountered by the model 
was in predicting toluene at low hydrocarbon partial pressure. Here 
predicted values were about 10% lower than actual values. The very good 
agreement between actual and predicted yields for the major portion of 
the data demonstrates the utility of the kinetic model over a wide range 
of conversion levels and pressures.
2. Final Platinum-Rhenium Catalyst Model
The final form of the Langmuir-Hinshelwood rate constant denomi­




" H d  + V p + V h  + S o A o i ) '  d°)
Acid isomerization
d + Vp + V h + VAoi)" di)
For the Pt-Re catalyst the residue or coke precursor terra for 
the isomerization reaction improved the model fit of the experimental 
data— particularly the low pressure data points; however, the improve­
ment was not statistically significant and this term was omitted from
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the Pt-Re catalyst model resulting in a common Langmuir-Hinshelwood de­
nominator adsorption expression for all acid site reactions. Removal of 
this term did not result in any significant changes to the other denomi­
nator terms and hence should not interfere with a platinum vs. Pt-Re 
catalyst comparison.
The most distinct difference in the Pt-Re catalyst denominator 
adsorption terms is the exponent of two denoting a dual site mechanism 
for the metal site dehydrocyclization reactions. The data prediction 
was much better for the dual site mechanism: a residual variance of
0.0028 was obtained for the pressure data using the dual site mechanism 
and a residual variance of 0.0176 using the single site mechanism. The 
residual variance difference of 0.0148 is well above the 0.0011 required 
for a significant model improvement. This dual site dehydrocyclization 
mechanism for the Pt-Re catalyst compared to the single site mechanism 
for the platinum catalyst is indeed significant. It explains the much 
stronger response of toluene yields to hydrogen partial pressure for the 
Pt-Re catalyst compared to the platinum catalyst (Figures 36 and 42 of 
Chapter VII). It definitely confirms that the largest aromatics selec­
tivity credits for the Pt-Re catalyst over the platinum catalyst should 
be obtained with low pressure operation.
The fundamental reason for the dual site behavior with the Pt-Re 
catalyst is not so clear. One possibility is that certain of the Pt and 
Re metal sites are very close together allowing adsorption of a paraffin 
molecule on both a Pt and a Re site simultaneously with increased ring 
closure rate compared to adsorption on a single platinum site. Another 
possible explanation is that the dehydrocyclization reaction occurs by 
dual site closure on both catalysts but is adsorption limited and hence
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single site in character on the platinum catalyst. This adsorption 
limitation could result from a high surface concentration of coke pre­
cursors. The ability of the Pt-Re catalyst to prevent the formation of 
these materials— indicated by Cg aromatics yield in Figures 46 and 49 
for the platinum and Pt-Re catalysts— very possibly allows increased 
adsorption rates and consequently rate control by a dual site surface 
reaction.
a. Lumped Four Component Model Parameters
Values of the parameters of the Pt-Re catalyst four component 
lumped isoheptanes model of Table 3 are shown in Table 6. The 95% con­
fidence limits on all parameters are quite good. Comparison of the 
surface reaction rate constants of the Pt-Re catalyst with those of the 
platinum catalyst in Table 4 indicates that within data accuracy the 
respective acid site isomerization and cracking reaction rate constants 
of the Pt-Re catalyst are equivalent to those of the platinum catalyst. 
Due to the difference in surface mechanism (dual vs. single site) the 
Pt-Re and platinum catalyst dehydrocyclization rate constants cannot be 
directly compared. However, the relative magnitudes of these constants 
are essentially the same for the two catalysts. The isomerization equi­
librium constants for the platinum and Pt-Re catalysts are almost iden­
tical indicating good data consistency and no significant biases due to 
the different form of the Langmuir-Hinshelwood rate constant denomina­
tors .
Very significant differences are noted for the adsorption equi­
librium constants for the two catalysts. The paraffin hydrocarbon ad­
sorption constant for the Pt-Re catalyst is almost three times as large
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Surface Forward Reaction Rate Constants*
NCy^=aICy ^df Acid 0.315 ±0.050
NCys==sTol ka Metal 0.380 ±0.086
IC,c=iTol7 S c Metal 0.198 ±0.052
NCy + c; ^8 Acid 0.0171 ±0.0044
IC? -»■ Cg S 4 Acid 0.0431 ±0.0059
Reaction Equilibrium Constants**
NCysp^sICy S f Acid 3.94 ±0.18
Adsorption Equilibrium Constants
Paraffins s All 2.92 ±0.56
Hydrogen S m Metal 0.525 ±0.048
S a Acid 0.360 ±0.044
Toluene S o l All 12.3 ±3.1
*See Table 3 for reaction schematic.
**Equilibrium constants not shown were calculated from literature 
thermodynamic data or from other equilibrium constants— see Table 8.
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as that of the platinum catalyst. In addition the hydrogen adsorption 
constants are two to three times as large for the bimetallic catalyst. 
This suggests that both paraffin hydrocarbons and hydrogen are held more 
tightly by the Pt-Re catalyst surface. More tightly held paraffins im­
plies that desorption of intermediates for reaction on other sites is 
less likely. Therefore if all reactions in the dehydrocyclication pro­
cess— ring closure to form a cyclic paraffin, and dehydrogenation to 
form an aromatic— occur on the same metal site, then reaction of paraf­
fins to aromatics should be more selective if the intermediates such as 
cyclic paraffins are less likely to migrate to a nearby acid site and 
crack to undesirable products. This higher Pt-Re catalyst adsorption 
constant for paraffins explains the lower concentration of intermediate 
cyclic paraffins observed with this catalyst (Figures 20 and 30 of Chap­
ter VI).
The higher hydrogen adsorption equilibrium constant for the
Pt-Re catalyst implies that it has a higher surface concentration of
hydrogen. With more hydrogen available on the surface, formation of
highly unsaturated coke precursors and coke should be much less likely
with the Pt-Re catalyst. This could well explain this catalyst's im-
(4)proved activity and selectivity maintenance characteristics. Selman 
in a similar study on methylcyclopentane reforming also observed a much 
higher hydrogen adsorption constant with the Pt-Re catalyst and reached 
a similar conclusion.
Comparison of the toluene adsorption constants for the platinum 
and Pt-Re catalysts in Tables 4 and 6 shows no significant differences. 
Since the Pt-Re catalyst has the same toluene product adsorption equi­
librium constant as the platinum catalyst but a much higher adsorption
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equilibrium constant for feed paraffins, it would be expected to have a 
higher activity for feed conversion at high conversion levels. Due to 
the lower ratio of toluene to paraffin adsorption equilibrium constants 
it would also be expected to be more selective to the product toluene. 
The lack of a large adsorption term for surface residue (correlated by 
toluene concentration) with the Pt-Re catalyst emphasizes further the 
conclusions noted above for the higher hydrogen adsorption and cleaner 
reaction surface of the bimetallic catalyst.
b. Five Component Model Parameters
Parameters for the more complex five component Pt-Re catalyst 
model are shown in Table 7. The confidence limits on the Pt-Re catalyst 
parameters are significantly smaller than those of the platinum catalyst. 
However, the same trend toward much broader confidence intervals with in­
creasing model complexity is observed. The overall residual variance of 
this final model is .00230 compared with an experimental error variance 
of .00064. The surface reaction rate constants with the exception of 
those for dehydrocyclization are essentially the same for the two cata­
lysts. Here again the different reaction mechanisms confound direct com­
parison of dehydrocyclization rate constants. The same trend of in­
creased cracking and decreased dehydrocyclization with increasing paraf­
fin branchiness occurs with both catalysts. Reaction equilibrium con­
stants are also identical for the five component platinum and Pt-Re 
catalysts.
The previous observations for the Pt-Re catalyst four component 
model adsorption constants are also noted with the five component model.
It should be pointed out that the acid site and metal site hydrogen
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Surface Forward Reaction Rate Constants*
N C ^ r ^ M H ^d Acid 0.284 ±0.044
NCys--^DMP kf Acid 0.0680 ±0.0164
MH s=A:DMP ke Acid 0.0670 ±0.0344
NCy^-^Tol Metal 0.387 ±0.060
MH s-^Tol \ Metal 0.161 ±0.101
DMP%--iTol Metal 0.000 ±0.151
NC, + c; ^8 Acid 0.0225 ±0.0080
MH ^ Cg ^10 Acid 0.0360 ±0.0288
DMP 4. Cg kll Acid 0.0540 ±0.0506
Reaction Equilibrium Constants**
N C ^ ^ M H %d Acid 2.50 ±0.26
MH ^ D M P  K Acid 0.560 ±0.285
Adsorption Equilibrium Constants
Paraffins K All 2.70 ±0.29P
Hydrogen K^^ Metal 0.485 ±0.025
K ^  Acid 0.409 ±0.035
Toluene All 6.86 ±2.46
*For the reaction schematic of Figure 61 at 900°F reaction 
temperature.
^^Equilibrium constants not shown were calculated from literature 
thermodynamic data or from other equilibrium constants— see Table 8.
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adsorption equilibrium constants are much closer in value— though still 
significantly different— for the Pt-Re catalyst. This effect is par­
ticularly noticeable for the five component model where the Pt-Re cata­
lyst acid site hydrogen adsorption equilibrium constant is roughly four 
times that for the platinum catalyst. The metal sites for both cata­
lysts tend to hydrogenate local coke precursors and would be expected to 
have a higher hydrogen adsorption constant than acid sites. Since both 
catalysts have the same alumina base, apparently the different hydrogen 
adsorption effects for the acid sites reflect either a direct Influence 
of the rhenium promoter near the acid sites or an indirect influence via 
much lower overall coke precursor production and hence cleaner, more 
available acid sites as well as metal sites. The actual versus kinetic 
model predicted product yields for the Pt-Re catalyst are shown as a 
function of space time, hydrogen partial pressure and hydrocarbon par­
tial pressure in Figures 65-67, respectively. The only bias in the data 
prediction is for the hydrocarbon partial pressure effect on toluene 
yield at high hydrocarbon partial pressure. However, for the major por­
tion of the data the model fit is excellent.
E. Effects of Temperature on Kinetic Model Parameters
The kinetic model parameters discussed in the previous section 
were based on a 900°F reaction temperature. While a detailed understand­
ing of the effects of pressure and space time are important at all tem­
peratures it was beyond the scope of this study to evaluate these effects 
at varying temperature levels. However, several data points at the base 
conversion level (35-45% total heptane conversion) and base pressure 
(200 psig, 10 moles Hg/mole n-heptane feed) were obtained at 875°F and
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925°F at the end of the space time and pressure study run on each cata­
lyst. Subsequently additional short runs were made using a large charge 
of catalyst for 875°F operation and a small charge of catalyst for
925°F operation. The strategy in these runs was to lineout at 900°F and
obtain several base data points. Next temperature was perturbed to 
either 875°F or 925°F and additional data points obtained. Finally tem­
perature was returned to 900°F for a final base point.
Since the temperature-variable data points were made at constant 
pressure it was not possible to determine the denominator adsorption 
terms at the different temperatures. However, determination of these 
adsorption terms is an integral part of determining surface reaction 
rate constants in this study due to the non-linear nature of the reac­
tion model and the complexity of the reaction system. To permit solu­
tion of the reaction equations the adsorption equilibrium constants
were assumed to be constant over the temperature range studied. Sel- 
(4)man made and verified this assumption in a similar study of the re­
forming reactions of methylcyclopentane.
The reaction equilibrium constants were corrected for tempera­
ture dependence using the relationships presented in Table 2 of Chap­
ter IV. The reaction equilibrium constant for n-heptane reacting to 
toluene was calculated directly. The temperature dependence of the iso­
merization reactions of n-heptane to methylhexanes and methylhexanes to 
the dimethylpentanes and ethylpentane were calculated by a two step pro­
cedure. First the equilibrium constants for each of the individual reac­
tions making up these lumped reactions were calculated at each tempera­
ture level. Next these were lumped according to the procedures in Chap­
ter IV and these lumped reaction rate constants were regressed to
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determine the same type temperature parameters listed in Table 2 for the 
individual reactions. Finally, a ratio of the lumped equilibrium con­
stant at any temperature to that at 900°F is used to correlate the reac­
tion equilibrium constants determined from the experimental data in 
Tables 4-7. These temperature correlations and expressions for the de­
rived equilibrium constants are summarized in Table 8.
Using temperature corrections shown in Table 8 for reaction 
equilibrium constants and assuming constant adsorption equilibrium con­
stants, reaction rate constants were determined for the data of the 
temperature studies. Since reaction equilibrium constants were con­
strained by the temperature correction and since the degrees of freedom 
were quite low (three for most of the data) some erratic rate constants 
were observed. The five component kinetic model rate parameters are 
summarized in Table 9 for the platinum catalyst temperature study and 
in Table 10 for the Pt-Re catalyst. Each set of rate constants was 
based on at least two data points. The 900°F rate constants for run 
DKC-12 and DKC-13 are based on the overall space time pressure study 
(29 data sets for the platinum catalyst and 34 data sets for the Pt-Re 
catalyst) and were taken from Tables 5 and 7.
Activation energies for pairs of rate constants at different 
reaction temperatures from Tables 9 and 10 were calculated using the 
basic Arrhenius expression;
kj, = kĵ  EXP(E^/RT) (22)
For pairs of data the activation energy E^ is calculated as:
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TABLE 8. Temperature Correlation of Kinetic Model Equilibrium Constants
Ka = EXPNCy Toi 
Five Component Model (Figure 61)
NC? MH Kj
53.6923
* - CKd 0 9Q0°F) cxp 
2.9818







NCy DMP + ETP Kf = KaKg 
MH Ç» Toi Kb = Ka/Kd
DMP + ETP ^  Toi ■- Kb/Kg





T”F + 460 + 0.434995
Kbc “ Ka/Kdf
^Absolute value at 900°F determined from experimental data 
(Tables 4-7).
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TABLE 10. Pt-Re Catalyst Temperature Study Rate Constants and Activation Energies
Temp,
Run °F NC NC_^=^DMP MH^=^DMP NC_^=^Tol MH^^^Tol NC - C M H - C DMP -> C‘
kd kf ke ka kb ks klO kll
Reaction Rate Constant, gm moles/hr/gm catalyst/atm
DKC-13 875 .163 .0410 .0330 .170 .0918 .0122 .0216 .0300
DKC-13 900 .284 .0680 .0670 .387 .1610 .0225 .0360 .0540
DKC-13 925 .446 .1019 .1560 .870 .3263 .0436 .0790 .1108
DKC-17 900 .178 .0494 .0475 .253 .156 .0233 .0249 .0457
DKC-17 925 .315 .0796 .0838 .470 .317 .0288 .0650 .0798
DKC-18 875 .137 .0552 .00981 .150 .0750 .0101 .0159 .0229
DKC-18 900 .248 .0527 .0794 .344 .1060 .0202 .0288 .0490
Activation Energy, kcal/g-mole
DKC-13 875 44.4 40.5 56.7 65.9 44.5 49.0 40.9 47.1
DKC-13 925 37.5 33.6 70.2 67.3 58.7 55.0 65.3 59.7
DKC-17 925 47.4 39.6 47.2 51.5 58.9 (17.6) (79.7) 46.3
DKC-18 875 47.5 (-3.7) (167.5) 66.5 (27.7) 55.5 47.6 60.9
44.2 37.9 58.0 62.8 54.0 53.2 58.4 53.5






:A = - T — T —  (23)
where
T = °K
R = 1.987 gm-cal/gm mole/°K 
= gm-cal/gra-mole
Activation energy calculations were made only for pairs of rate con­
stants within the same run due to different activity levels for the 
various runs on different charges of catalyst.
The calculated activation energies are shown in the bottom half 
of Tables 9 and 10. The temperatures associated with each set of acti­
vation energies represent the temperature of the data set compared with 
the reference 900°F data set for each run. Activation energy averages 
for each rate constant are shown at the bottom of each table, along with 
the 95% confidence limits on this average. Values excluded from these 
averages are enclosed in parentheses. For both catalysts activation 
energies fell in the range of 40 to 60 kcal/gm-mole. No significant 
distinctions can be made within the accuracy of the data set for the 
platinum catalyst. For the Pt-Re catalyst, however, the activation 
energy for the two isomerization reactions of n-heptane appears to be 
significantly (statistically) lower than that of both the methylhexane 
isomerization as well as the dehydrocyclization and cracking reactions 
in general. This suggests possible adsorption effects on these primary 
isomerization reactions of n-heptane. In general the magnitude of the 
Pt-Re catalyst activation energies are no different from those of the 
platinum catalyst.
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The platinum catalyst activation energy of 42.2 kcal/g-mole for 
n-heptane cracking compares well with a value of 43 reported by Sinfelt 
and Rohrer.(^) However, this value for cracking and the value of 51.4 
for n-heptane dehydrocyclization are high compared to activation ener­
gies of approximately 30 kcal/g-mole also observed by Sinfelt and 
Rohrer^^^ for these reactions in differential rate studies.
Although the model fit to the data of Tables 9 and 10 was quite 
good (residual variance only slightly greater than experimental error 
variance) the catalyst activity and hence absolute level of the indi­
vidual reaction rate constants varied from run to run. Generally the 
temperature study runs had an overall activity somewhat lower than that 
of the base runs (DKC-12 and DKC-13). Examination of carbon level on 
discharged catalyst. Appendix E, shows that this is probably due to
0.8-1.0 wt. % higher carbon on the discharged catalysts from the tem­
perature study runs (DKC-14, 15, 17, 18). Apparently some difference 
in pretreatment and startup resulted in lower lined-out carbon levels 
for these runs.
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CHAPTER IX
CONCLUSIONS AND RECOMMENDATIONS
This chapter is devoted to a summary of the important findings 
of this study and recommendations for future work.
A. Conclusions
The conclusions from this study are classified in the following
areas :
1. The reactions and reaction mechanisms of n-heptane catalytic 
reforming.
2. The development of a kinetic model to adequately describe 
the catalytic reforming of n-heptane.
3. Comparison of the kinetic behavior of the platinum and Pt-Re
reforming catalysts.
The important findings in each area are summarized below.
1. Reactions and Reaction Mechanism
The primary reactions of n-heptane and its isomers are isomeri­
zation, dehydrocyclization and cracking to lighter paraffins.
Investigation of the experimental conditions and procedures upon 
which this study is based indicate that:
a. Reactor mass velocity, pore diffusion and axial dispersion
do not affect the reaction kinetics.
b. A significant catalyst aging or equilibration period is
227
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required to stabilize the activity of the Pt-AlgO^ and 
Pt-Re-AlgOg catalysts of this study. Initially very rapid 
changes in catalyst activity and selectivity were observed 
indicating that meaningful kinetic data for these catalysts 
can be obtained only after 50 to 150 hours at commercial 
reforming conditions.
An experimental study of the effect of space time or conversion 
level, on product yields, indicates that;
a. Selectivity of heptane to the desired product toluene versus 
undesired cracked products decreases with increasing conver­
sion level.
b. With increasing conversion an upper limit of toluene produc­
tion is reached. This is apparently due to competitive 
adsorption.
c„ Both single and double branched isomers of n-heptane go
through a maximum in yield near 25% total heptane conversion.
d. Above 50-60% total heptane conversion n-heptane and most of 
its isomers are in equilibrium. The 2-methylhexane and 
3-methylhexane isomers are in equilibrium over the entire 
15-85% conversion range studied.
e. Distribution of cracked products is constant over the entire 
conversion range studied with center cracking accounting for 
almost half of the reaction products. This indicates that 
carbonium ion cracking is the predominant mechanism.
f. Very little secondary cracking of Cg products occurs indicat­
ing a much higher crackability of n-heptane compared to the 
lighter paraffins.
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g. The leo/normal ratio of and Cg cracked products increases 
to an upper limit at 50-60% total heptane conversion. This 
ratio for C^'s goes through a maximum near 35% total heptane 
conversion.
h. Disproportionation and polymerization reactions to form ben­
zene and Cg and heavier aromatics increase with increasing 
heptane conversion level.
i. Cy olefins, dimethylcyclopentanes, ethylcyclopentanes, and 
methylcyclohexane appear as possible intermediates for the 
cracking, isomerization and dehydrocyclization reactions of 
n-heptane and its isomers.
Investigation of the effect of hydrogen and hydrocarbon partial 
pressures on the reforming reactions of heptane provided data that are 
necessary to adequately model this system and essential for distinguish­
ing between reaction mechanisms. In addition to conclusions discussed 
later based on the modeling studies, the following are significant 
general conclusions from the pressure study:
a. Over the range of 97 to 290 psia, increasing hydrogen par­
tial pressure at constant hydrocarbon partial pressure de­
creases both cracking and dehydrocyclization reactions 
through competitive adsorption.
b. Increasing hydrocarbon partial pressure at constant hydrogen 
partial pressure selectively increases the cracking reactions.
c. At very low hydrogen partial pressures heptane isomerization 
reactions are severely reduced.
d. With increasing hydrogen partial pressure the contribution of 
metal site hydrogenolysis to the overall cracking reaction
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Is Increased.
e. Both low hydrogen partial pressure and high hydrocarbon par­
tial pressure resulted In a significant Increase In Cg and 
heavier aromatic products of polymerization.
2. A Kinetic Model for Catalytic Reforming of n-Heptane
A kinetic model has been developed to adequately describe the 
catalytic reforming reactions of n-heptane over a wide range of conver­




The nonlinear differential equations describing this system 
were solved by numerical Integration. Surface reaction rate and adsorp­
tion equilibrium constants In these equations were determined by a "Pat­
tern Search" optimization algorithm.
The kinetic model predicts the experimental data with an average 
error of 4.5% between actual and predicted dependent yield variables.
The general model development Indicates that for the surface 
reactions:
a. The reaction potential or numerator driving force term for 
paraffin cracking Is zero order with respect to hydrogen 
partial pressure.
b. Observed heptane Isomer distribution can be predicted only 
If direct Isomerization of n-heptane to the doubly branched 
Isomers Is allowed.
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c. For the reactions of heptane Isomers the surface rate con­
stant for dehydrocylization decreases with increasing paraf­
fin branchiness. For dimethylpentanes, dehydrocyclization 
is negligible.
The general form of the Langmuir-Hinshelwood rate constant de­
nominator term for the n-heptane reforming ractions is as follows:
^ ^  ^Paraffins ^ ^H^^Hydrogen ^ ^ o l  ^Toluene^
n
The exact form of this term varies with both catalyst and reaction.
Specific conclusions are as follow:
a. Adsorption equilibrium constants are significantly differ­
ent for hydrogen, paraffin hydrocarbons, and toluene with 
toluene being the most strongly adsorbed and hydrogen, the 
weakest.
b. While both the toluene and paraffin adsorption constants 
did not vary with the type active site or reaction involved, 
the hydrogen adsorption constant is significantly different 
for metal and acid sites with strongest adsorption on metal 
sites.
c. To adequately predict the platinum catalyst isomer distribu­
tion at low hydrogen partial pressure an additional denomi­
nator adsorption term was necessary to account for competi­
tive adsorption by heavy hydrocarbon residues on the acid 
isomerization sites.
Activation energies for all reactions fall in the range of 40 to 
60 kcal/gm-mole. For the platinum catalyst lower activation energies for 
the primary isomerization reactions suggest possible adsorption effects
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on reaction rate.
3. Comparison of Platinum and Platinum-Rhenium
Reforming Catalysts
A very Important objective of this study was a comparison of the 
platinum and Pt-Re catalysts to determine differences In kinetic be­
havior and any other distinctions that might explain the bimetallic 
catalyst’s reported superior activity and selectivity maintenance.
From the catalyst equilibration studies It was observed that;
a. A much longer aging period Is required to equilibrate the 
Pt-Re catalyst. Despite higher equilibrium catalyst coke 
content the Pt-Re catalyst had a higher activity than the 
platinum catalyst.
b. The Pt-Re catalyst has a high Initial hydrogenolysis ac­
tivity that subsides with equilibration on naphtha.
From the space time studies at 200 pslg It was observed that:
a. Yield patterns of major reaction products for the platinum 
and Pt-Re catalysts were almost Identical with slightly 
higher selectivity to aromatics for the Pt-Re catalyst.
b. The two catalysts give very similar yields of the reaction 
Intermediate heptene. However, the Pt-Re catalyst product 
contains much less of the cyclohexane and cyclopentane 
homologues.
The pressure studies and subsequent kinetic model development 
outlines some very Important distinctions between the two catalysts as 
follow:
a. The Pt-Re catalyst shows a much stronger pressure dependence 
for toluene formation with large selectivity credits for
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toluene versus cracked products formation at low pressures.
In the kinetic model studies this same effect appears as a 
very distinct dual site mechanism for dehydrocyclization on 
the Pt-Re catalyst compared with a single site mechanism on 
the platinum catalyst.
b. At low pressures the Pt-Re catalyst produced significantly 
less Cg and heavier aroraatics from polymerization type reac­
tions as well as much less of the alkycyclopentane and 
methylcyclohexane paraffin ring intermediates.
c. The Pt-Re catalyst paraffin hydrocarbon adsorption equilib­
rium constant is a factor of three larger than that of the 
platinum catalyst. Toluene adsorption constants, though 
much larger, are roughly equivalent for the two catalysts. 
This lower ratio of toluene product/paraffin reactant ad­
sorption for the Pt-Re catalyst could explain its higher 
selectivity and activity— particularly under severe condi­
tions such as low pressure and high conversion levels. This 
also explains lower product concentration of paraffin ring 
intermediates for the Pt-Re catalyst.
d. The Pt-Re catalyst hydrogen adsorption equilibrium constants 
for both acid and metal sites are a factor of two to four 
times as great as those of the platinum catalyst. This dif­
ference was largest for acid sites. It indicates that a 
higher surface concentration of hydrogen on the Pt-Re catalyst 
may be responsible for its reported activity maintenance ad­
vantages over the platinum catalyst.
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4. Practical Applications of This Research
a. Low pressure (i.e., 100 psig) is the preferred operating 
regime for the Pt-Re catalyst to maximize aromatics yield 
credits over the platinum catalyst on a paraffinie feed.
b. Low hydrocarbon partial pressure favors increased selec­
tivity to aromatics at a given hydrogen partial pressure.
c. Maximum selectivity to aromatics is obtained at low conver­
sion levels.
d. The Pt-Re catalyst is generally preferable in a severe 
(rapid catalyst deactivation) reforming environment.
B. Recommendations
Two important results are expected from any research program.
The most obvious is accomplishment of the goals set up for that program. 
The second and sometimes equally important is the development of new 
leads and ideas for further research.
The most obvious area for future research is usually a simple 
extension of the existing data base to a broader range of conditions, 
feedstocks, and catalysts. An extension of this study would be a com­
parable study at higher temperature reforming conditions such as 930- 
940°F. The increased severity for catalyst deactivation would make even 
more pronounced the effects of surface residue competitive adsorption. 
Studies on catalysts of varying carbon levels would be quite interesting 
in light of literature data indicating that not all surface active sites 
are equally poisoned by carbon production. The present study was based 
on catalysts at lined-out initial coke level. A simple extension would 
be to go considerably beyond lineout until catalyst activity begins to
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significantly decrease below its initial equilibrium level.
The competitive adsorption of aromatics and surface polymeriza­
tion products were found in this study to play a very important role in 
the kinetics of n-heptane reforming. An interesting study would be to 
add varying amounts of model compounds of this type to the n-heptane 
feed and perform pressure studies similar to the one of this work. Typi­
cal additives might include Cg, C^q , or aromatics, and one or more 
of the multi-ring aromatics available in pure form.
Although much was learned in this study about the mechanisms 
involved in n-heptane reforming, this was only a secondary objective.
A followup study using many of the intermediate isoheptanes and paraffin 
ring compounds as pure component feeds could provide useful information 
on ring closure and isomerization mechanisms— assuming the same properly 
equilibrated catalyst charge is used with the different pure component 
feeds.
An obvious area for future work in any catalytic reaction study 
is a change in catalyst composition. Here many possibilities exist.
These include Pt-AlgO^ catalysts of varying Pt content, Pt-Re-Al^O^ cata­
lysts containing other metal components whose hydrogen adsorption and/or 
reaction characteristics might be in line with, but potentially better 
than, those of rhenium.
A very strong recommendation from this study is that simultaneous 
solution of the reaction differential equations for both surface reaction 
rate and adsorption equilibrium parameters is highly desirable for an in­
tegral reactor study. Although this approach requires much additional 
computer time, it provides a more realistic treatment of competitive ad­
sorption of products. The often used and often adequate approach is to
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solve linear differential equations for the overall rate constants and 
regress these for one or two general adsorption constants. This tech­
nique uses average reactor concentration for major components. It does 
not properly take into account very important changes in composition and 
hence reaction rate throughout the reactor. For more than one or two 
denominator adsorption parameters the additional effort required for the 
more complex nonlinear secondary regression could much more wisely be 
used for an integral approach to adsorption.
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APPENDIX A 
NOMENCLATURE
2A - reactor cross sectional area, ft , Chapter V
A - general reaction component
A - denotes acid type surface reaction site, Chapter II
ACP - abbreviation for alkylcyclopentanes
ACP” - abbreviation for alkylcyclopentenes
AP - abbreviation for C^ alkylpentanes
AP - abbreviation for Cy alkylpentenes
a - abbreviation for Pî„„ACP
B - general reaction component
C - subscript abbreviation for Cg cracked products
C - abbreviation for P'-
Cg - hexane and lighter cracked product paraffins
Cg - hexene and lighter cracked product linear olefins
D - subscript abbreviation for dimethylpentanes (including
3-ethylpentane) which are also abbreviated as BMP
D - abbreviation for P ^ ^
2- effective diffusivity of reactant in catalyst pellet, cm /sec
- an array of independent concentration variable responses to 
changes in model parameters— defined in equation (85) of 
Chapter IV
2- Knudsen diffusivity, cm /sec
2- ordinary gas phase diffusivity, cm /sec
D - degrees of freedom associated with PV, equation (5) of
Chapter VIII
238
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D - degrees of freedom associated with each set of replicate data
points, equation (4) of Chapter VIII
D - degrees of freedom associated with residual variance RV,
defined in Chapter VIII, equation (2)
dp - catalyst particle diameter, ft
E,E^ - activation energy in Arrhenius expression for reaction rate
constant temperature dependence, cal/g-mole or kcal/g-mole
E[ ] - expected value of quantity in brackets
ETP - abbreviation for 3-ethylpentane (Table 8)
F - hydrocarbon feed rate, gm/hr
h - Thiele moduluss
I - subscript abbreviation for lumped isoheptanes
ICy - lumped isoheptanes
K - reaction equilibrium constant
K - set of reaction parameters (rate, reaction equilibrium,
adsorption equilibrium constants)
K* - optimum set of reaction model parameters
- surface adsorption equilibrium constant for general component A
- equilibrium constant for reaction N C y ^  Toi + 4Hg (Table 8)
Kg - surface adsorption equilibrium constant for general component B
- equilibrium constant for reaction I C y ^ T o l  + 4Hg (Table 8)
Kg - surface adsorption equilibrium constant for general component G
Kc
K
- equilibrium constant for reaction (DMP + E T P ) ^  Toi + 4H„ 
(Table 8)
Kg - surface adsorption equilibrium constant for general component D
kj - equilibrium constant for reaction NCyî=^ MH (Table 8)
- equilibrium constant for reaction NCyî=i ICy (Table 8)
K^ - equilibrium constant for reaction MH:^(DMP + ETP) (Table 8)
Kequii - reaction equilibrium constant
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Kg - equilibrium constant for reaction NCy^(DMP + ETP) (Table 8)
- equilibrium constant for hydrogen adsorption on acid sites
- equilibrium constant for hydrogen adsorption on metal sites 
Kg - reaction equilibrium constant for reaction i
Kp - adsorption equilibrium constant for paraffins
K^ - reaction equilibrium constant for ZMH^DMP
Ky - reaction equilibrium constant for SMH^DMP
KgoQOp - reaction equilibrium constant at 900°F
k - general reaction rate constant, g-mol/hr/gm catalyst/atm
k' - reverse reaction rate constant, g-mol/hr/gm catalyst/atm
k ,k* - forward, and reverse pseudo reaction rate constants for reac-a' a tion NCys=5Tol + 4H2, defined in equations (46) and (47), 
Chapter IV
k. ,k/ - forward, and reverse pseudo rate constants for reaction
MH;?=iTol + 4H2, defined in equations (48) and (49) of 
Chapter IV
k, ,kJ - forward, and reverse rate constants for reaction 
i C y ^ T o l  + 4H2, Table 3
k_,k^ - forward, and reverse pseudo rate constants for reaction
D M P ^ T o l  + 4H2, defined in equations (50) and (51) of 
Chapter IV
c c
kj,k* - forward, and reverse pseudo rate constants for reaction
n Cy^MH, defined in equations (52) and (53) of Chapter IV
k,f,k'_ - forward, and reverse rate constants for reaction NCy;?=iIC7,
Table 3
k_,k^ - forward, and reverse pseudo rate constants for reaction
MH^DMP, defined in equations (54) and (55) of Chapter IVe e
kg,kg - forward, and reverse pseudo rate constants for reaction
nCy?!^ DMP, defined in equations (56) and (57) of Chapter IV
kg - parameter defined in equation (58) of Chapter IV
k' - reverse rate constant for reaction whose forward rate constant
is denoted by kg
tiln ““k^ - k element in parameter array K*
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kg,k^ - pre-exponential term of Arrhenius expression for rate constant 
o temperature dependence
k^ - forward rate constant for reaction nCy;^Tol +
kg - forward rate constant for reaction MHï^^iTol + 4Hg
kg - forward rate constant for reaction M H ^ T o l  + 4Hg
k^ - forward rate constant for reaction M H ^ A C P  + Hg
kg - forward rate constant for reaction DMPt^ACP + Hg
kg - forward rate constant for reaction A C P ^ Toi + 3Hg
ky - forward rate constant for reaction nCyS?2:MH
kg - rate constant for reaction Hg + nCy Cg
kg - forward rate constant for reaction M H ^ D M P
kĵ g - rate constant for reaction Hg + MH -> Cg
k^^ - rate constant for reaction Hg + DMP ->■ Cg
kĵ g - forward rate constant for reaction nCy^=^ DMP
kĵ  ̂ - rate constant for reaction iCy ->■ Cg
L - reactor bed length, ft
M - subscript abbreviation for methylhexanes
M - abbreviation for P’MH
M - denotes metal type surface reaction site, Chapter II
M^ - number of dependent variables at each data point
Mgg - number of data points or data sets
M^p - number of model parameters
M^p - number of replicate data points at a fixed set of conditions
M^^ - number of sets of replicate data points
MCH - abbreviation for methylcyclohexane
MH - abbreviation for methylhexanes
MH” - abbreviation for methylhexanes






















- hydrocarbon feed molecular weight
- subscript abbreviation for n-heptane
- abbreviation for P'nCy
- molar flow rate of general component A
- abbreviation for n-heptane
- abbreviation for n-heptenes
- number of reactor product components
- number of data points or sets of product composition data
- molar flow rate of component i, g-moles/hr
- calculated molar flow rate of component i at a given data 
point j
- set of measured product molar flow rates for a given data 
point j, g-moles/hr
- set of calculated product molar flow rates, g-moles/hr for 
each data point j
- total hydrogen + hydrocarbon flow rate through reactor, 
g-moles/hr
- exponent on Langmuir-Hinshelwood denominator adsorption term
- subscript abbreviation for paraffin hydrocarbons
- Peclet number (Chapter V)
- covariance array for set of rate parameters for a given kinetic 
model, equation (86) of Chapter IV
- partial pressure of component i, atm.
- product of partial pressure of component i and adsorption equi­
librium constant for component i
- pure experimental error variance
- subscript abbreviation for heavy hydrocarbon surface residues
- gas constant = 1.987 cal/g-mole/°K, equations (2), (22), (23)
- moles diluent hydrogen per mole hydrocarbon feed, equation (67)
- relative dehydrocyclization reaction rate
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R. , - weighted residual deviation between measured and predicted
 ̂ reaction product molar flow rates defined in equation (79) of
Chapter II
r^ - reaction rate of component A, gm-mol A/hr/gm catalyst
RSp - catalyst particle Reynolds number
RV - residual variance defined in equation (1) of Chapter VIII
2Sg - catalyst surface area, cm /gm
T - temperature, ®K in equations (22) and (23) of Chapter VIII
T - subscript abbreviation for toluene
T - abbreviation for
Toi - abbreviation for toluene
W - catalyst weight, gm
W - reactor mass flow rate, lb/hrm
X - constant in equation K = EXP (X/T°R+Y), Table 2
Xj - set of reaction conditions for a given data point j
X - independent variable
x^ - specific value of independent variable x
Y - constant in equation K = EXP ( X/T°R+Y), Table 2
Y^ - experimental value of dependent yield variable i
Y^ - average of several values of dependent variable i for
replicate data points
Y^ - model calculated value of dependent yield variable i
- mole fraction of component i
y( ) - dependent concentration variable
A - difference
G  - void fraction in reactor bed
9 - space time, hr
y - viscosity of hydrogen + hydrocarbons in reactor, lb/ft.hr.
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0 - objective function for rate constant optimization, defined in
equation (77) of Chapter IV
3Pp - catalyst particle density, gm/cm
a - variance in dependent variable associated with experimental
error
- variance associated with the parameter of a given reac­
tion model, equation (87) of Chapter IV
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T A B L E  B
E X P E R IM E N T A L  D A TA  W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-1A DKC-IB OKC-IC
CATALYST PT PT PT
STUDY AGING AGING AGI NG
CATALYST WT. GM 16-7100 16.7100 16.7100
TEMPERATURE.DEG.F 900. 900. 900.
PRESSURE,PSIA 215. 215. 215.
HYDROCARBON PP.PSIA 21 . 1 9. 16.
HYDROGEN PP.PSIA 193. 195. 199.
MOLS H2/M0L FEED 9.08 10.15 12.47
W/HR/W 4.84 1.18 1.00
PROD GAS H20.VPPM. 37 35 41
HOURS ON FEED 7.6 30.8 48.9
MATERIAL BALANCE.PCT 99.99 99.96 99.97
HYDROGEN BALANCE.PCT 100.01 100.06 99.98
P-C7 CONVERSION,PCT 29.62 56.34 56. 73
PRODUCT YIELD. MOLES/1 00 MOLES N-HEPTANE FEED
HYDROGEN 29.80 40.54 32.63
METHANE 4.53 7. 14 14.19
ETHANE 3.86 1 0.42 12.57
PROPANE 5.59 1 7.07 12.86
I-BUTANE 2.71 6.49 7.59
N-BUTANE 4.63 9.13 8.95
I-PENTANE 3.95 1 0.37 10. 18
N-PENTANE 2.49 5. 1 7 5.73
2,2+2.3-DMBUTANE 0.1 3 0.54 0.56
2MPENTANE 1.07 2.67 2.42
3MPENTANE 0.71 1.61 1 .33
N-HEXANE 1.08 1.46 1.77
2.2,3-TMBUTANE 0.0 0. 0 0.0
2,2-DMPENTANE 2.47 2.23 2.19
2.3-DMPENTANE 1.29 1.29 1.28
2.4-DMPENTANE 2.16 1.95 1.91
3.3-DMPENTANE 0.53 0.50 1.30
3-ETPENTANE 2.81 1.79 1.78
2-MHEXANE 19.50 12.14 12.27
3-MHEXANE 20.71 15.24 14.09
N-HEPTANE 20.90 8.54 8.44
TOLUENE 9.75 1 7.05 16.54
1CIS2-DMCP ♦ MCH 1.18 0.57 0.62
ETCPENTANE 0.41 0.18 0.17
C7 OLEFINS 2.04 0.46 0.44
BENZENE 0.16 0.38 0.38
MCPENTANE 0.0 0.0 0.0
C8 PARAFFINS 0.1 1 0. 03 0.04
C9 PARAFFINS 0.07 0.05 0.05
C8 AROMATICS 0. 1 5 0.29 0 .38
C9 AROMATICS 0.15 0.36 0.58
CIO AROMATICS 0.02 0. 09 0.13
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TABLE B
E X P E R I M E N T A L  D A T A  W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-ID DKC-2A DKC-2B
CATALYST PT PT PT
STUDY AGING AGING AGING
CATALYST WT. GM 16.7100 15.9164 15.9164
TEMPERATURE.DEG.F 900. 900. 900.
PRESSURE.PSIA 215. 215. 215.
HYDROCARBON PP.PSIA 16. 19. 20.
HYDROGEN PP.PS I A 199. 195. 195.
MOLS H2/M0L FEED 12.48 10.04 9.90
W/HR/W 1.03 1.30 1.31
PROD GAS H20.VPPM. 29 32 35
HOURS ON FEED 59.7 26.4 44.9
MATERIAL BALANCE.PCT 99.98 99.37 99. 15
HYDROGEN BALANCE.PCT 100.10 99. 97 99.99
P-C7 CONVERSION.PCT 54.95 56. 08 60.08
PRODUCT YIELD. MOLES/1 00 MOLES N-HEPTANE FEED
HYDROGEN 36.29 47. 12 38.29
METHANE 9.70 6.51 8.18
ETHANE 10.86 14.07 15.74
PROPANE 14.52 15.29 17.75
I-BUTANE 7.63 7.49 9.14
N-BUTANE 9.24 7.42 8.53
I-PENTANE 10.23 9.03 10.26
N-PENTANE 5.05 3.84 4.70
2.2+2.3-DM8UTANE 0.33 0.47 0.39
2MPENTANE 2.68 2.58 2.67
3MPENTANE 1.61 1.63 1.64
N-HEXANE 1.50 1.30 1 .46
2.2.3-TMBUTANE 0.0 0.33 0.29
2.2-DMPENTANE 2.31 1.88 1.72
2.3-DMPENTANE 1.78 4.28 1.44
2.4-DMPENTANE 2.01 2. 07 1 .96
3.3-DMPENTANE 0.59 1 .58 1.38
3-ETPENTANE 1.64 1.71 1 .59
2-MHEXANE 12.63 10.10 9.49
3-MHEXANE 15.12 13.54 14.47
N-HEPTANE 9.00 8.43 7.59
TOLUENE 16.31 18.01 1 7.38
1CIS2-DMCP + MCH 0.36 0.27 0.20
ETCPENTANE 0.06 0. 15 0.10
C7 OLEFINS 0.41 0.39 0.34
BENZENE 0.36 0.80 0.50
MCPENTANE 0.0 0. 15 0.16
C8 PARAFFINS 0.02 0.08 0.07
C9 PARAFFINS 0.03 0. 08 0.04
Ca AROMATICS 0.24 0.58 0.69
C9 AROMATICS 0.38 0.82 0.78
CIO AROMATICS 0.10 0.13 0.15
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TABLE B
E X P E R I M E N T A L  D A T A  W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-2C DKC-3A DKC-11 A
CATALYST PT PT MULLITE
STUDY AGING AGING THERMAL RXN
CATALYST WT, GM 15.9164 15.8211 6.0000
TEMPERATURE,DEG-F 900. 900. 900.
PRESSURE,PSIA 215. 215. 215.
HYDROCARBON PP,PSIA 19. 20. 19.
HYDROGEN PP,PSIA 196. 195. 195.
MOLS H2/M0L FEED 10.22 9.79 10.02
W/HR/W 1.31 1.32 2.08
PROD GAS H20,VPPM, 31 25 46
HOURS ON FEED 60.2 68.5 26.1
MATERIAL BALANCE,PCT 100.62 99.96 99.84
HYDROGEN BALANCE,PCT 100.01 99. 99 100.05
P-C7 CONVERSION,PCT 53.28 48.25 1.81
PRODUCT YIELD, MOLES/100 MOLES N-HEPTANE FEED
HYDROGEN 37.82 38.32 -0.88
METHANE 6.36 5.47 1.83
ETHANE 13.32 1 1.57 0.98
PROPANE 15.24 12.60 0.58
I-BUTANE 7.93 6. 06 0.33
N-BUTANE 7.43 6.79 0.0
I-PENTANE 9.02 8.37 0. 16
N-PENTANE 4. 08 3.91 0.01
2,2+2,3-DMBUTANE 0.33 0. 36 0.01
2MPENTANE 2.41 2.34 0.04
3MPENTANE 1.45 1.29 0.03
N-HEXANE 1.29 1.37 0. 11
2,2,3-TMBUTANE 0.26 0.36 0.0
2,2-DMPENTANE 1.98 1.92 0.0
2,3-DMPENTANE 0.96 1.23 0.0
2,4-DMPENTANE 2.35 2.69 0.0
3,3-DMPENTANE 1.54 1.65 0. 0
3-ETPENTANE 1.77 2.05 0.0
2-MHEXANE 11.20 12.41 0.04
3-MHEXANE 17.41 19.10 0.06
N-HEPTANE 9.24 1 0.34 98.11
TOLUENE 15.53 15.34 0.0
1CIS2-DMCP + MCH 0.29 0.33 0.0
ETCPENTANE 0.12 0.17 0.0
C7 OLEFINS 0.45 0.42 0.37
BENZENE 0.41 0.50 0.18
MCPENTANE 0.11 0.18 0.0
ca PARAFFINS 0.08 0. 06 0.0
C9 PARAFFINS 0. 1 1 0. 06 0.0
ca AROMATICS 0.68 0.35 0.0
C9 AROMATICS 0.84 0.43 0.0
CIO AROMATICS 0.18 0. 07 0.0
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T A B L E  B
E X P E R IM E N T A L  D A TA  W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-12F DKC-12G DKC-12H
CATALYST PT PT PT
STUDY SPACE TIME SPACE TIME SPACE TIME
CATALYST WT. GM fl.6276 8.6276 8.6276
TEMPERATURE.DEG.F 900. 900. 900.
PRESSURE.PSIA 215. 2 15. 215.
HYDROCARBON PP.PSIA 19. 19. 19.
HYDROGEN PP.PSIA 1 96. 196. 196.
MOLS H2/M0L FEED 10.25 10.30 10.20
W/HR/W 4.83 3.23 1.61
PROD GAS H20.VPPM. 1 1 13 17
HOURS ON FEED 23.2 25.4 28.8
MATERIAL BALANCE.PCT 100.05 100.06 99.96
HYDROGEN BALANCE.PCT 99.98 99. 99 99.98
P-C7 CONVERSION.PCT 24.13 32.06 50.50
PRODUCT YIELD. MOLES/1 00 MOLES N-HEPTANE FEED
HYDROGEN 23.66 27.71 33.19
METHANE 2.30 3.34 6.29
ETHANE 4.68 6.97 1 1.88
PROPANE 6.60 9.22 15.87
I-BUTANE 2.86 4.26 7.98
N-BUTANE 3.65 4.77 7.82
I-PENTANE 3.68 5. 07 8.02
N-PENTANE 1.75 2.36 3.87
2.2+2.3-DMBUTANE 0.07 0. 1 0 0.34
2MPENTANE 0.83 1.22 2.15
3MPENTANE 0.54 0.74 1 .29
N-HEXANE 0.58 0.80 1.32
2.2.3-TMBUTANE 0.10 0.13 0. IB
2.2-DMPENTANE 1.71 1.98 2.02
2.3-DMPENTANE 5. 16 5.03 4.16
2.4-DMPENTANE 2.52 2.65 2.29
3.3-DMPENTANE 1.94 2.07 1.75
3-ETPENTANE 2.93 2.74 1.96
2-MHEXANE 16. 15 15.33 11.47
3-MHEXANE 21.68 20.59 15.39
N-HEPTANE 23.67 17.42 1 0.26
TOLUENE 8.52 1 0. 80 15.33
1CIS2-DMCP + MCH 0.41 0.34 0.23
ETCPENTANE 0.22 0.18 0. 1 1
C7 OLEFINS 0.55 0. 58 0.39
BENZENE 0.45 0.43 0.61
MCPENTANE 0.05 0. 06 0.07
ca PARAFFINS 0.02 0. 03 0.02
C9 PARAFFINS 0.03 0.03 0.06
ca AROMATICS 0.04 0.09 0.23
C9 AROMATICS 0.08 0. 17 0.39
CIO AROMATICS 0.0 0.0 0.01
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TABLE B
EXPER IMENTAL DATA WITH PT CA TALYST
RUN AND BALANCE DKC-121 DKC-12J DKC-I2K
CATALYST PT PT PT
STUDY SPACE TIME SPACE TIME SPACE TIME
CATALYST WT, GM 8.6276 8.6276 8.6276
TEMPERATURE,DEG.F 900. 900. 900.
PRESSURE,PSIA 215. 215. 215.
HYDROCARBON PP,PSIA 19. 19. 18.
HYDROGEN PP,PSIA 1 96. 196. 196.
MOLS H2/M0L FEED 10.36 1 0.30 10.70
W/HR/W 1.26 0.97 0.70
PROD GAS H20,VPPM, 17 13 21
HOURS ON FEED 33. 1 38.5 47.9
MATERIAL BALANCE,PCT 100.01 99.35 99.87
HYDROGEN BALANCE,PCT 100.00 100.04 100.04
P-C7 CONVERSION,PCT 57.39 67.84 75.29
PRODUCT YIELD, MOLES/100 MOLES N-HEPTANE FEED
HYDROGEN 35.77 36.40 31.89
METHANE 6.92 9.49 1 1 .04
ETHANE 12.81 1 6.72 18.72
PROPANE 18.51 22.27 26.63
I-BUTANE 9.49 11.38 13.70
N-BUTANE 8.99 1 0. 79 12.80
I-PENTANE 9.43 11.05 12.16
N-PENTANE 4.65 5.77 6.63
2,2+2,3-DMBUTANE 0.41 0.52 0.59
2MPENTANE 2.45 2.95 3.08
3MPENTANE 1 .48 1 .83 1 .76
N-HEXANE 1.52 1.80 1 .84
2,2,3-TMBUTANE 0.26 0.1 1 0. 1 1
2,2-DMPENTANE 1.82 1.38 1 .07
2,3-DMPENTANE 3.69 3. 15 2. 19
2,4-DMPENTANE 1.99 1.48 1.07
3,3-DMPENTANE 1.52 1.14 0.88
3-ETPENTANE 1 .68 1.37 1 .09
2-MHEXANE 9.89 7.40 5.66
3-MHEXANE 13.21 9.70 7.70
N-HEPTANE 8.54 6.44 4.95
TOLUENE 16.79 19.07 19.38
1CIS2-DMCP + MCH 0.22 0. 18 0.15
ETCPENTANE 0.10 0. 08 0.08
C7 OLEFINS 0.42 0.32 0.27
BENZENE 0.67 0.82 0.86
MCPENTANE 0.12 0- 07 0.06
C8 PARAFFINS 0.03 0.02 0.04
C9 PARAFFINS 0.02 0.01 0.01
C8 AROMATICS 0.29 0.32 0.45
C9 AROMATICS 0.45 0.44 0.68
CIO AROMATICS 0.0 0.01 0.03
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T A B L E  B
E X P E R IM E N T A L  D A T A  W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-12L DKC-12M DKC-12N
CATALYST PT PT PT
STUDY SPACE TIME SPACE TIME SPACE TIME
CATALYST WT. GM 8.6276 8.6276 8.6276
TEMPERATURE.DEG.F 900. 900. 900.
PRESSURE.PSIA 215. 215. 215.
HYDROCARBON PP.PSIA 19. 20. 20.
HYDROGEN PP.PSIA 195. 195. 195.
MOLS H2/M0L FEED 10.12 9.99 9.96
W/HR/W 2.25 4.84 3.23
PROD GAS H20.VPPM. 20 14 15
HOURS ON FEED 55. 1 57.4 59.2
MATERIAL BALANCE.PCT 100.36 99.88 98.59
HYDROGEN BALANCE,PCT 99.98 99. 99 99.97
P-C7 CONVERSION.PCT 40.43 25.68 34.79
PRODUCT YIELD, MOLES/100 MOLES N-HEPTANE FEED
HYDROGEN 27.64 23.91 29.70
METHANE 4.38 2.38 2.80
ETHANE 9.14 5.35 7.73
PROPANE 12.61 7. 16 10.10
I-BUTANE 6.34 3.31 4.87
N-BUTANE 6. 33 3.83 5.23
I-PENTANE 6.67 3.92 5.51
N-PENTANE 3.17 1.84 2.55
2,2+2,3-DMBUTANE 0.14 0. 1 0 0.13
2MPENTANE 1.57 0.88 1 .26
3MPENTANE 0.97 0.52 0.84
N-HEXANE 0.98 0.56 0.86
2.2,3-TMBUTANE 0.12 0. 1 1 0.15
2.2-DMPENTANE 2. 16 1.74 2.04
2.3-DMPENTANE 5.31 5.25 5.21
2.4-DMPENTANE 2.49 2.51 2.62
3.3-DMPENTANE 1.98 2.00 1.99
3-ETPENTANE 2.48 2.94 2.68
2-MHEXANE 13.63 15.88 14.59
3-MHEXANE 17.90 21.37 19.63
N-HEPTANE 13.49 22.52 16.29
TOLUENE 12.24 8.76 1 1 .52
1CIS2-DMCP + MCH 0.28 0.42 0.38
ETCPENTANE 0. 14 0.22 0.19
C7 OLEFINS 0.44 0.62 0.56
BENZENE 0.46 0.42 0.48
MCPENTANE 0.05 0.05 0.06
C8 PARAFFINS 0.07 0.02 0.04
C9 PARAFFINS 0.09 0.05 0.06
ca AROMATICS 0.17 0. 06 0.09
C9 AROMATICS 0.33 0. 15 0.26
CIO AROMATICS 0.01 0.0 0.0
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T A B L E  8
E X P E R I M E N T A L  D A T A  W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-120 DKC-12P DKC-120
CATALYST PT PT PT
STUDY SPACE TIME SPACE TIME SPACE TIME
CATALYST WT. GM a. 6276 8.6276 8.6276
TEMPERATURE.DEG.F 900. 900. 900.
PRESSURE.PSIA 215. 215. 215.
HYDROCARBON PP.PSIA 20. 20. 20.
HYDROGEN PP.PSIA 1 95. 195. 195.
MOLS H2/M0L FEED 9.99 9.91 9.86
W/HR/W 0.72 2.25 1 1.27
PROD GAS H20.VPPM. 6 13 32
HOURS ON FEED 65.0 70. 1 72:4
MATERIAL BALANCE.PCT 99.90 99.26 99. 16
HYDROGEN BALANCE.PCT 100.04 100.07 100.01
P-C7 CONVERSION.PCT 7a.42 44. 12 13.02
PRODUCT YIELD. MOLES/100 MOLES N-HEPTANE FEED
HYDROGEN 29.38 30.68 15.15
METHANE 11.28 4.36 0.84
ETHANE 20.28 1 0.33 2.38
PROPANE 28. 19 1 3.83 3.07
I-BUTANE 14.23 6.90 1.27
N-BUTANE 13.39 7. 06 1 .75
I-PENTANE 12.89 7.24 1.66
N-PENTANE 7.10 3.41 0.86
2.2+2,3-DMBUTANE 0.61 0.30 0.01
2MPENTANE 3.16 1.77 0.29
3MPENTANE 1.98 1.09 0.13
N-HEXANE 2.06 1.11 0.27
2.2,3-TMBUTANE 0.10 0. 18 0.05
2.2-DMPENTANE 0.95 1.99 1.02
2.3-DMPENTANE 2.06 4.86 3.77
2.4-DMPENTANE 1.00 2.41 1.60
3.3-DMPENTANE 0-78 1.86 1.34
3-ETPENTANE 0.91 2.31 2.90
2-MHEXANE 4.92 12.85 14.07
3-MHEXANE 6.59 17.01 19.95
N-HEPTANE 4.26 12.42 42.26
TOLUENE 19.70 1 3. 06 4.19
1CIS2-DMCP + MCH 0.12 0.28 0.67
ETCPENTANE 0.06 0. 15 0.36
C7 OLEFINS 0.20 0.50 0.79
BENZENE 0.93 0.57 0.50
MCPENTANE 0.07 0.10 0.02
ca PARAFFINS 0.02 0. 06 0.02
C9 PARAFFINS 0.00 0. 04 0.07
ca AROMATICS 0.4 1 0.20 0.04
C9 AROMATICS 0.53 0.34 0.11
CIO AROMATICS 0.04 0.0 0.0
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T A B L E  B
E X P E R I M E N T A L  D A T A  W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-12R DKC-12S DKC-12T
CATALYST PT PT PT
STUDY PRESSURE PRESSURE PRESSURE
CATALYST WT, GM 8. 6276 8.6276 8.6276
TEMPERATURE.DEG.F 900. 900. 900.
PRESSURE,PSIA 312. 208. 308.
HYDROCARBON PP,PSIA 20. 13. 28.
HYDROGEN PP,PSIA 292. 195. 280.
MOLS H2/M0L FEED 14.96 14.93 10.07
W/HR/W 3.22 3.22 3.17
PROD GAS H20,VPPM, 1 7 — 13
HOURS ON FEED 76.8 79.5 81.5
MATERIAL BALANCE,PCT 99.94 100.07 99.96
HYDROGEN BALANCE,PCT 100.04 99. 99 99.98
P-C7 CONVERSION,PCT 28.99 29.58 34.03
PRODUCT YIELD, MOLES/1 00 MOLES N-HEPTANE FEED
HYDROGEN 14.33 26.86 17.83
METHANE 4.04 2.61 3.41
ETHANE 7.28 5.64 8.37
PROPANE 9.71 8.61 11.15
I-BUTANE 4.22 4. 14 4.92
N-BUTANE 5.27 4.48 5.87
I-PENTANE 4.79 4.80 5.60
N-PENTANE 2.21 2.10 2.55
2,2+2,3-DMBUTANE 0.1 1 0. 1 1 0.19
2MPENTANE 1.28 1.04 1 .63
3MPENTANE 0.84 0.69 1.06
N-HEXANE 0.80 0.68 1.04
2,2,3-TMBUTANE 0. 15 0.18 0.21
2,2-DMPENTANE 2.04 1.98 2.00
2,3-DMPENTANE 5.77 5.77 5.06
2,4-DMPENTANE 2.69 2.68 2.70
3, 3-DMPENTANE 2. 1 1 2.03 2.01
3-ETPENTANE 2.77 2.80 2.64
2-MHEXANE 15.84 15.51 15.16
3-MHEXANE 21.05 20.65 20.14
N-HEPTANE 18.60 18.83 16.06
TOLUENE 7.84 10. 14 9.34
ICIS2-DMCP + MCH 0.29 0.31 0.32
ETCPENTANE 0.16 0. 1 7 0.17
C7 OLEFINS 0.39 0.50 0.46
BENZENE 0.25 0.35 0.35
MCPENTANE 0.06 0. 06 0.08
C8 PARAFFINS 0.01 0. 02 0.02
C9 PARAFFINS 0.02 0.07 0.03
C8 AROMATICS 0.07 0. 08 0.09
C9 AROMATICS 0.07 0.17 0. 16
CIO AROMATICS 0.0 0. 0 0.0
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T A B L E  B
E X P E R I M E N T A L  D A T A  W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-12U DKC-12V DKC-I2W
CATALYST PT PT PT
STUDY PRESSURE PRESSURE PRESSURE
CATALYST WT. GM 8.6276 8.6276 8.6276
TEMPERATURE.DEG.F 900. 900. 900.
PRESSURE.PSIA 215. 165. 223.
HYDROCARBON PP.PSIA 20. 15. 28.
HYDROGEN PP.PSIA 1 95. 150. 195.
MOLS H2/M0L FEED 9.86 10.30 7.02
W/HR/W 3.22 3.21 3.22
PROD GAS H20.VPPM, 34 16 18
HOURS ON FEED 84.2 87.2 69.6
MATERIAL BALANCE.PCT 99.69 100.45 99.89
HYDROGEN BALANCE,PCT 99.96 99.95 99.96
P-C7 CONVERSION.PCT 33.65 33.99 39.07
PRODUCT YIELD. MOLES/1 00 MOLES N-HEPTANE FEED
HYDROGEN 26. 13 31.34 24.56
METHANE 2.51 4.12 2.97
ETHANE 6.42 7.11 9.06
PROPANE 10.08 9.18 12.46
I-BUTANE 5.19 4.71 6.23
N-BUTANE 5.31 4.71 6.43
I-PENTANE 5.60 5.49 6.66
N-PENTANE 2.60 2.60 3.09
2.2+2,3-DMBUTANE 0.14 0.13 0.18
2MPENTANE 1.25 0.95 1.53
3MPENTANE 0.75 0.61 0.91
N-HEXANE 0.75 0.60 0.91
2.2,3-TMBUTANE 0.19 0.16 0. 15
2.2-DMPENTANE 2.13 1.92 1.99
2.3-DMPENTANE 5.56 5.24 5.15
2.4-DMPENTANE 2.54 2.57 2.56
3,3-DMPENTANE 1 .99 1.87 1.91
3-ETPENTANE 2.58 2.47 2.46
2-MHEXANE 14.83 14.50 13.72
3-MHEXANE 19.71 19.32 18.65
N-HEPTANE 16.80 17.96 14.33
TOLUENE 10.40 11.68 11.12
1CIS2-DMCP + MCH 0.35 0.39 0.36
ETCPENTANE 0.21 0.20 0. 16
C7 OLEFINS 0.64 0.64 0.53
BENZENE 0.36 0.49 0.38
MCPENTANE 0.09 0. 06 0.07
C8 PARAFFINS 0.08 0. 04 0.06
C9 PARAFFINS 0. 1 1 0.12 0.09
C8 AROMATICS 0.17 0.18 0.24
C9 AROMATICS 0.33 0.39 0. 38
CIO AROMATICS 0.0 0.02 0.0
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T A B L E  B
E X P E R I M E N T A L  DATA W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-12X DKC-12Y DKC-12Z
CATALYST PT PT PT
STUDY PRESSURE PRESSURE PRESSURE
CATALYST WT. GM a.6276 8.6276 8.6276
TEMPERATURE.DEG.F 900. 900. 900.
PRESSURE.PSIA 156. 234. 1 17.
HYDROCARBON PP.PSIA 19. 38. 19.
HYDROGEN PP.PSIA 136. 196. 98.
MOLS H2/M0L FEED 7.00 5. 14 5.08
W/HR/W 3.22 3.22 3.22
PROD GAS H20.VPPM. — 22 63
HOURS ON FEED 93.5 96.2 99.2
MATERIAL BALANCE.PCT 99.07 99.43 99.07
HYDROGEN BALANCE.PCT 100.01 99.80 99.94
P-C7 CONVERSION.PCT 36.50 39.77 40.34
PRODUCT YIELD. MOLES/100 MOLES N-HEPTANE FEED
HYDROGEN 32.94 22.25 41 .69
METHANE 2.69 3.47 2.10
ETHANE 7.41 8.87 7.48
PROPANE 10.02 12.53 9.95
I-BUTANE 5.37 6.43 5.68
N-BUTANE 5.22 6.53 5.38
I-PENTANE 6.06 6.84 6.38
N-PENTANE 2.92 3. 18 3.49
2.2+2.3-DMBUTANE 0.12 0.21 0.13
2MPENTANE 1 .05 1.59 0.87
3MPENTANE 0.59 0.94 0.60
N-HEXANE 0.70 0.98 0.75
2.2.3-TMBUTANE 0.17 0.16 0.13
2.2-DMPENTANE 1.90 2.06 1 .65
2.3-DMPENTANE 4.84 5.28 4.27
2.4-DMPENTANE 2.42 2.52 1 .98
3.3-DMPENTANE 1.81 1.89 I .54
3-ETPENTANE 2.73 2.51 2.77
2-MHEXANE 14.12 1 3.68 12.16
3-MHEXANE 18.90 18.06 17.07
N-HEPTANE 16.61 14.05 18.09
TOLUENE 11.29 10.87 12.43
1CIS2-DMCP ♦ MCH 0.51 0.30 0.73
ETCPENTANE 0.26 0.13 0.31
C7 OLEFINS 1 .02 0.61 1 .33
BENZENE 0.50 0.41 0.81
MCPENTANE 0.06 0. 06 0.08
ca PARAFFINS 0. 08 0.06 0. 16
C9 PARAFFINS 0.16 0.13 0.22
ca AROMATICS 0.30 0.32 0.49
C9 AROMATICS 0.67 0.54 1.15
CIO AROMATICS 0.03 0.02 0.15
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T A B L E  B
E X P E R IM E N T A L  D A T A  W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-12AA DKC-I2BB DKC-12
CATALYST PT PT PT
STUDY PRESSURE PRESSURE PRESSURE
CATALYST WT. GM 8.6276 8.6276 8.6271
TEMPERATURE.DEG.F 900. 900. 900.
PRESSURE.PSIA 2 15. 312. 208.
HYDROCARBON PP.PSIA 19. 19. 13.
HYDROGEN PP.PSIA 195. 292. 195.
MOLS H2/M0L FEED 10.13 15.20 15.28
W/HR/W 3.22 3.21 3.21
PROD GAS H20.VPPM. — 15 16
HOURS ON FEED 101.3 103.9 107.1
MATERIAL BALANCE.PCT 100.00 99.88 98.92
HYDROGEN BALANCE.PCT 100.01 100.00 100.00
P-C7 CONVERSION.PCT 36.07 28.82 30.54
PRODUCT YIELD. MOLES/1 00 MOLES N-HEPTANE FEED
HYDROGEN 26.94 15.05 24.22
METHANE 2.83 4.16 3.15
ETHANE 7.98 6.63 6.89
PROPANE 10.57 9.49 8.74
I-BUTANE 5.09 3.80 4.27
N-BUTANE 5.59 4.89 4.89
I-PENTANE 6.05 4.62 5.51
N-PENTANE 3.30 1.99 2. 12
2.2+2.3-DMBUTANE 0.14 0.11 0.0
2MPENTANE 1.67 1.38 1 . 14
3MPENTANE 0.83 1.03 0.49
N-HEXANE 0.06 0.87 0.62
2.2.3-TMBUTANE 0.14 0.19 0.19
2.2-DMPENTANE 1.95 1.90 1 .94
2.3-DMPENTANE 5.16 5.35 4.97
2.4-DMPENTANE 2.66 2.73 2.69
3.3-DMPENTANE 1 .88 1.79 1 .92
3-ETPENTANE 2.59 2.68 2.71
2-MHEXANE 14.45 13.23 15.35
3-MHEXANE 19.40 24.36 21.02
N-HEPTANE 15.71 1 8.96 18.67
TOLUENE 11.05 7.90 9.89
1CIS2-DMCP + MCH 0.35 0.43 0.39
ETCPENTANE 0.16 0.21 0. 17
C7 OLEFINS 0.45 0.54 0.53
BENZENE 0.39 0.27 0.30
MCPENTANE 0.05 0.06 0.10
ca PARAFFINS 0.04 0. 04 0.02
C9 PARAFFINS 0.06 0.05 0.06
ca AROMATICS 0. 13 0. 04 0.12
C9 AROMATICS 0.24 0. 13 0.17
CIO AROMATICS 0.03 0. 0 0.0
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T A B L E  B
E X P E R I M E N T A L  D A TA  W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-I2DD DKC-12EE DKC-12FF
CATALYST PT PT PT
STUDY PRESSURE PRESSURE PRESSURE
CATALYST WT, GM 8.6276 8.6276 8.6276
TEMPERATURE.DEG.F 900. 900. 900.
PRESSURE,PSIA 223. 156. 234.
HYDROCARBON PP.PSIA 27. 19. 39.
HYDROGEN PP.PSIA 195. 137. 195.
MOLS H2/M0L FEED 7.18 7. 14 5.03
W/HR/W 3.22 3.22 3.22
PROD GAS H20.VPPM, — 8
HOURS ON FEED 110.0 113.2 1 16.8
MATERIAL BALANCE.PCT 99.86 100.26 100.07
HYDROGEN BALANCE.PCT 100.00 99.96 99.96
P-C7 CONVERSION.PCT 39.94 37.24 41.70
PRODUCT YIELD. MOLES/100 MOLES N-HEPTANE FEED
HYDROGEN 33.42 31.39 27.33
METHANE 3.22 2.93 3.85
ETHANE 8.33 7.75 9.57
PROPANE 11.69 10.37 12.76
I-BUTANE 5.97 5.55 6.40
N-BUTANE 6.07 5.36 6. 60
I-PENTANE 6.54 6.31 7.19
N-PENTANE 3.00 2.99 3.26
2.2+2.3-DMBUTANE 0.23 0.10 0.22
2MPENTANE 1 ,47 1.13 1 .65
3MPENTANE 0.93 0.63 1.04
N-HEXANE 0.92 0. 73 1.09
2,2,3-TMBUTANE 0.23 0.13 0.18
2.2-DMPENTANE 2.02 1.91 1.96
2. 3-DMPEN - \NE 5.00 4.77 4.92
2. 4-DMP EN r .*NE 2.49 2.39 2.48
3. 3-DMPEi'iTMNE 1.97 1.78 1.86
3-ETPENT ANIE 1.67 2.74 2.58
2-MHEXANE 14.31 14.02 13.37
3-MHEXANE 18.06 18.54 17.70
N-HEPTANE 14.30 16.48 13.25
TOLUENE 12.87 1 1.35 11.85
1CIS2-DMCP ♦ MCH 0.31 0.51 0.31
ETCPENTANE 0.18 0.22 0.13
C7 OLEFINS 0.58 0.87 0.59
BENZENE 0.35 0.56 0.44
MCPENTANE 0.08 0. 05 0.08
C8 PARAFFINS 0.06 0.12 0.06
C9 PARAFFINS 0.1 0 0. 16 0.08
C8 AROMATICS 0.26 0.31 0.30
C9 AROMATICS 0.45 0.63 0.54
CIO AROMATICS 0.0 0.05 0.07
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T A B L E  8
E X P E R IM E N T A L  D A TA  W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-12GG DKC-12HH DKC-12II
CATALYST PT PT PT
STUDY PRESSURE TEMPERATURE TEMPERATUR
CATALYST WT. GM a.6276 8.6276 8.6276
TEMPERATURE,DEG.F 900. 900. 875.
PRESSURE.PSIA I 17. 215. 215.
HYDROCARBON PP.PSIA 19. 19. 20.
HYDROGEN PP.PSIA 97. 195. 195.
MOLS H2/M0L FEED 5.00 10.02 9.98
W/HR/W 3.22 2.25 1.45
PROD GAS H20,VPPM. 39 —— 19
HOURS ON FEED 119.6 123. 1 131.4
MATERIAL BALANCE,PCT 99.86 99.92 100.42
HYDROGEN BALANCE,PCT 99.95 100.01 99.99
P-C7 CONVERSION,PCT 39.26 41.42 34.79
PRODUCT YIELD, MOLES/100 MOLES N-HEPTANE FEED
HYDROGEN 40.32 29.73 21.93
METHANE 2.15 5. 1 7 3.38
ETHANE 7.35 9.78 7.59
PROPANE 9.70 12.66 10.97
I-8UTANE 5.46 6.27 5.73
N-BUTANE 5.27 6.29 5.52
I-PENTANE 6.52 6 . 86 5.94
N-PENTANE 3.40 3. 16 2.59
2,2+2,3-DMBUTANE 0.15 0.18 0. 16
2MPENTANE 0.79 1 .60 1.41
3MPENTANE 0.60 0.98 0.86
N-HEXANE 0.60 0.92 0,83
2,2,3-TMBUTANE 0. 12 0.13 0.25
2,2-DMPENTANE 1.64 1 .86 2.43
2,3-DMPENTANE 4.59 5.27 5.37
2,4-DMPENTANE 2.14 2.09 2.70
3, 3-DMPENTANE 1.61 1.84 2. 15
3-ETPENTANE 2.64 2.70 2.70
2-MHEXANE 13.04 1 3.47 15.00
3-MHEXANE 1 7.55 1 7. 88 19.91
N-HEPTANE 1 7.40 1 3.34 14.69
TOLUENE 1 1.99 12.83 9.92
1CIS2-DMCP + MCH 0.72 0.30 0.31
ETCPENTANE 0.29 0. 13 0.16
C7 OLEFINS 1.19 0.46 0.52
BENZENE 0.85 0.52 0.29
MCPENTANE 0.09 0. 02 0.06
Ca PARAFFINS 0. 1 5 0. 03 0.05
C9 PARAFFINS 0.22 0.05 0.13
ca AROMATICS 0.50 0. 19 0.19
C9 AROMATICS 1.11 0.32 0.34
CIO AROMATICS 0.15 0. 04 0.02
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T A B L E  B
E X P E R IM E N T A L  D A TA  W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-12JJ DKC-12KK DKC-12
CATALYST PT PT PT
STUDY TEMPERATURE TEMPERATURE TEMPERATi
CATALYST WT. GM 8.6276 8.6276 8.6271
TE M P E R A T U R E . D E G . F 875. 925. 925.
PRESSURE,PSIA 215. 215. 215.
HYDROCARBON PP.PSIA 20. 20. 19.
HYDROGEN PP.PSIA 1 95. 195. 195.
MOLS H2/M0L FEED 9.97 9.99 10.03
W/HR/W 1.45 3. 70 3.71
PROD GAS H20.VPPM. —— 24 —
HOURS ON FEED 134. 0 142.2 143.9
MATERIAL BALANCE.PCT 98.87 100.28 99.07
HYDROGEN BALANCE,PCT 99.98 100.00 100.06
P-C7 CONVERSION.PCT 36.21 44.65 45.97
PRODUCT YIELD. M O L E S / 100 MOLES N-HEPTANE FEED
HYDROGEN 18.56 32. 78 35.28
METHANE 3.21 4.66 4.04
ETHANE 7.65 1 0.65 10.92
PROPANE 12.21 13.27 13.67
I-BUTANE 6.38 6.57 6.80
N-BUTANE 6.1 0 6.92 7.09
I-PENTANE 6.52 7.27 7.57
N-PENTANE 2.84 3. 75 3.93
2 . 2 + 2 , 3-DMBUTANE 0.19 0.18 0. 18
2MPENTANE 1.49 1.56 1 .65
3MPENTANE 0.91 0.94 0.99
N-HEXANE 0.83 1.00 1.05
2 . 2 , 3-TMBUTANE 0.29 0.15 0. 14
2 . 2-DMPENTANE 2.35 1.73 1.74
2 , 3-DMPENTANE 5.59 4.64 4.29
2 . 4-DMPENTANE 2.35 2.29 2.29
3 , 3-DMPENTANE 2.08 1 .62 1.61
3-ETPENTANE 2.53 2.44 2.27
2-MHEXANE 14.76 12.64 12.36
3-MHEXANE 19.52 16.98 16.82
N-HEPTANE 14.32 1 2.86 12.53
TOLUENE 9.58 13.61 13.74
1CIS2-DMCP + MCH 0.29 0.35 0.37
ETCPENTANE 0.15 0.16 0.19
C7 OLEFINS 0.44 0.76 0.60
BENZENE 0.26 0.53 0.56
MCPENTANE 0.07 0. 08 0.07
ca PARAFFINS 0.08 0.06 0.08
C9 PARAFFINS 0. 1 3 0. 09 0.08
ca AROMATICS 0.16 0.27 0.28
C9 AROMATICS 0.30 0.44 0.64
CIO AROMATICS 0.01 0.05 0.11
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T A B L E  B
E X P E R IM E N T A L  DATA W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-12MM DKC-14A DKC-14
CATALYST PT PT PT
STUDY TEMPERATURE TEMPERATURE TEMPERAT
CATALYST WT. GM 8.6276 12.1053 12.105
TE M P E R A T U R E . D E G . F 900. 900. 900.
PRESSURE.PSIA 215. 215. 215.
HYDROCARBON PP.PSIA 19. 19. 19.
HYDROGEN PP.PSIA 195. 195. 195.
MOLS H2/M0L FEED 10.04 10.16 1 0.09
W/HR/W 2.26 2.30 3.22
PROD GAS H20.VPPM. — — 62 52
HOURS ON FEED 147.6 4.9 8.5
MATERIAL BALANCE.PCT 100.59 100.94 99.50
HYDROGEN BALANCE.PCT 99.91 100.00 99.98
P-C7 CONVERSION.PCT 43.12 40.74 31 .99
PRODUCT YIELD. MOLES/1 00 MOLES N-HEPTANE FEED
HYDROGEN 31.62 20.80 22.57
METHANE 3.56 4.13 2.15
ETHANE 9.58 7. 86 6.22
PROPANE 12.73 15.19 1 1.05
I-BUTANE 6.49 7.71 5.65
N-BUTANE 6.55 7.81 5.69
I-PENTANE 7.32 6.32 4.92
N-PENTANE 3.41 2.97 2.29
2. 2 + 2 , 3-DMBUTANE 0.24 0. 15 0.09
2MPENTANE 1.76 1.28 0.99
3MPENTANE 1 .08 0.78 0.53
N-HEXANE 1 .03 0. 84 0.59
2 , 2 , 3-TMBUTANE 0.16 0.17 0.15
2 . 2-DMPENTANE 1.93 2.12 1.94
2 . 3-DMPENTANE 5.15 4.96 5.21
2 . 4-DMPENTANE 2.49 2.37 2.27
3 , 3-DMPENTANE 1.74 1 .88 1 .96
3-ETPENTANE 2.38 2.44 2.71
2-MHEXANE 13.10 13.45 15.27
3-MHEXANE 17.34 17.96 20.27
N-HEPTANE 12.51 13.92 18.23
TOLUENE 13.37 10.38 9.44
1CIS2-DMCP ♦ MCH 0.30 0.28 0.29
E T CPENTANE 0.14 0.14 0.16
C7 OLEFINS 0.56 0.60 0.48
BENZENE 0.47 0.36 0.35
MCPENTANE 0.08 0.07 0.06
C8 PARAFFINS 0.04 0. 09 0.04
C9 PARAFFINS 0.05 0.17 0. 14
ca AROMATICS 0.24 0.34 0.22
C9 AROMATICS 0.39 0.58 0.35
CIO AROMATICS 0.04 0. 04 0.0
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T A B L E  B
E X P E R IM E N T A L  D A T A  W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-14C DKC-14D DKC-14E
CATALYST PT PT PT
STUDY TEMPERATURE TEMPERATURE TEMPERATUI
CATALYST WT, GM 12.1053 12.1053 12.1053
T E M P E R ATURE,DEG.F 900. 875. 875.
PRESSURE,PSIA 2 15. 215. 2 15.
HYDROCARBON PP.PSIA 20. 1 9. 20.
HYDROGEN PP,PSIA 195. 195. 195.
MOLS H2/M0L FEED 9.92 1 0. 02 9-98
W/HR/W 2.29 1.20 1.20
PROD GAS H20,VPPM, 46 33 50
HOURS ON FEED 12.0 17.0 22.0
m a t e r i a l  BALANCE,PCT 99.83 99. 89 99.98
HYDROGEN BALANCE,PCT 100.08 100.00 99.93
P-C7 CONVERSION,PCT 41.73 43.26 41.69
PRODUCT YIELD, MOLES/100 MOLES N-HEPTANE FEED
HYDROGEN 25.21 1 7. 76 17.44
METHANE 4.55 4.75 4.48
ETHANE 8.45 8. 72 8.44
PROPANE 14.96 1 6. 75 15.68
I-BUTANE 7.62 8.97 8.52
N-BUTANE 7.35 7.96 7.55
I-PENTANE 6.58 7.05 6.61
N-PENTANE 3.05 3. 04 2.90
2 , 2 + 2 , 3-DMBUTANE 0.17 0. 09 0.21
2MPENTANE 1.42 1.67 1 .61
3MPENTANE 0.88 0.96 0.99
N-HEXANE 0.88 0. 84 0.93
2 , 2 , 3-TMBUTANE 0.17 0.30 0.25
2 , 2-DMPENTANE 2.10 2.46 2.37
2 , 3-DMPENTANE 5.06 4.85 5.12
2 , 4-DMPENTANE 2.45 2.53 2.52
3 , 3-DMPENTANE 1 .85 1 .97 2.00
3-ETPENTANE 2.41 2.24 2.45
2-MHEXANE 13.11 1 3. 07 13.35
3-MHEXANE 17.74 1 7.42 1 7.59
N-HEPTANE 13.40 11.89 12.63
TOLUENE 11.58 1 0.74 10.62
1CIS2-DMCP + MCH 0.28 0.25 0.23
ETCPENTANE 0.14 0. 1 1 0. 1 1
C7 OLEFINS 0.54 0.39 0.41
BENZENE 0. 36 0.26 0-24
MCPENTANE 0.04 0. 14 0.08
ca PARAFFINS 0.05 0.07 0.05
C9 PARAFFINS 0.13 0. 14 0.13
ca AROMATICS 0.26 0.26 0.26
C9 AROMATICS 0.42 0.47 0.45
CIO AROMATICS 0.0 0.0 0.0
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
262
T A B L E  B
E X P E R I M E N T A L  D A T A  W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-I4F 0KC-15A DKC-15B
CATALYST PT PT PT
STUDY TEMPERATURE TEMPERATURE TEMPERATUI
CATALYST WT, GM 12.1053 5.6680 5.6680
T E M P ERATURE,DEG.F 900. 900. 900.
PRESSURE,PSIA 2 15. 215. 2 15.
HYDROCARBON PP,PSIA 19.. 20. 20.
HYDROGEN PP,PSIA 1 95. 1 95. 1 95.
MOLS H2/M0L FEED 10.07 9. 95 9.90
W/HR/W 2.30 2.21 4.91
PROD GAS H20,VPPM, 46 6 32
HOURS ON FEED 25.9 5.8 9.4
MATERIAL BALANCE,PCT 99.47 100.17 99.81
HYDROGEN BALANCE,PCT 99.98 1 00.06 100.00
P-C7 CONVERSION,PCT 42.68 34.36 20.20
PRODUCT YIELD, MOLES/I 00 MOLES N-HEPTANE FEED
HYDROGEN 24.90 35. 93 21.14
METHANE 3.58 4.48 1.72
ETHANE 9. 10 7.17 4.60
PROPANE 14.90 8.99 5.40
I-BUTANE 7.83 4.18 2.19
N-BUTANE 7.36 4.81 2.80
I-PENTANE 6.93 5.14 2.91
N-PENTANE 3.21 2.44 1 .42
2 , 2+2,3-DMBUTANE 0.16 0. 1 1 0.03
2MPENTANE 1.53 1.15 0.43
3MPENTANE 0.92 0.74 0.29
N-HEXANE 0.9.3 0.82 0.40
2 , 2 , 3-TMBUTANE 0.19 0.12 0.07
2 , 2-DMPENTANE 2.12 2. 06 1.55
2 , 3-DMPENTANE 5.15 4.86 4.48
2 , 4-DMPENTANE 2.46 2.48 2.21
3,3-DMPENTANE I .78 1.87 1.69
3-ETPENTANE 2.35 2.65 2.91
2-MHEXANE 13.06 14.60 15.16
3-MHEXANE 17.30 19.77 21.35
N-HEPTANE 12.82 17.25 30-39
TOLUENE 11.82 12.26 6.89
ICIS2-DMCP + MCH 0.26 0.31 0.50
ETCPENTANE 0.12 0.16 0.29
C7 OLEFINS 0.44 0.60 0. 75
BENZENE 0.33 0.46 0.52
MCPENTANE 0.09 0.05 0.03
C8 PARAFFINS 0.06 0. 04 0.02
C9 PARAFFINS 0.12 0. 08 0. 10
C8 AROMATICS 0.28 0.36 0.13
C9 AROMATICS 0.49 0.36 0. 15
CIO AROMATICS 0.05 0.02 0.0
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T A B L E  B
E X P E R I M E N T A L  D A TA  W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-X 5C DKC-15D DKC-15E
CATALYST PT PT PT
STUDY TEMPERATURE TEMPERATURE TEMPERATUI
CATALYST WT, GM 5.6680 5.6680 5.6680
TE M P ERATURE,DEG.F 900. 925. 925.
PRESSURE,PSIA 215. 215. 215.
HYDROCARBON PP,PSIA 20. 20. 20.
HYDROGEN PP,PSIA 195. 195. 195.
MOLS H2/M0L FEED 9.97 9.92 9.88
W/HR/W 2.20 4.17 4.17
PROD GAS H20.VPPM, 33 32 32
HOURS ON FEED 13.8 19. 1 6.0
MATERIAL BALANCE,PCT 99.99 99.51 98.97
HYDROGEN BALANCE,PCT 99.90 100.01 99.97
P-C7 CONVERSION,PCT 35.97 37.93 38. 12
PRODUCT YIELD, MOLES/1 00 MOLES N-HEPTANE FEED
HYDROGEN 26.22 32.29 31.61
METHANE 3.74 4.22 4.03
ETHANE a. 1 0 9.01 8.89
PROPANE 10.22 1 0.67 1 0.43
I-BUTANE 5.20 5.01 5.06
N-BUTANE 5.37 5.56 5.69
I-PENTANE 5.83 6 . 06 6.21
N-PENTANE 2.72 3. 1 0 3.04
2 , 2+2,3-DMBUTANE 0.14 0.03 0.09
2MPENTANE 1.51 1.21 1.41
3MPENTANE 0.77 0.72 0.72
N-HEXANE 1 .05 0.83 0.93
2 , 2 , 3-TMBUTANE 0.19 0.10 0.11
2? 2-DMPENTANE 2.08 1.83 1.80
2 , 3-DMPENTANE 5.02 4.71 4.75
2,4-DMPENTANE 2.50 2.43 2.42
3,3-DMPENTANE 1.90 1 .66 1 .59
3-ETPENTANE 2.57 2-54 2.58
2-MHEXANE 14.34 13.39 13.41
3-MHEXANE 19.01 1 8.34 18.19
N-HEPTANE 16.40 17.07 17.03
TOLUENE 11.08 12.19 12.20
ICIS2-DMCP + MCH 0.31 0.42 0.43
ETCPENTANE 0.1 8 0.21 0.23
C7 OLEFINS 0.60 0.80 0.65
BENZENE 0.42 0.52 0.62
MCPENTANE 0.07 0. 04 0.06
ca PARAFFINS 0.05 0. 04 0.06
C9 PARAFFINS 0.13 0. 11 0. 12
ca AROMATICS 0.24 0.28 0.23
C9 AROMATICS 0.41 0.44 0. 38
CIO AROMATICS 0.03 0. 02 0.02
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.A B L E  B
E X P E R IM E N T A L  D A T A  W IT H  P T  C A T A L Y S T
RUN AND BALANCE DKC-15F
CATALYST PT
STUDY TEMPERATURE




HYDROGEN PP.PSIA 1 95.
MOLS H2/M0L FEED 10. oa
W/HR/W 2.20
PROD GAS H20.VPPM, 1 5

















2 , 2 , 3-TMBUTANE 0.14
2 , 2-DMPENTANE 2.00
2 , 3-DMPENTANE 5.00
2,4-DMPENTANE 2.43






1CIS2-DMCP + MCH 0.33
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TA B L E  C
E X P E R I M E N T A L  DATA W IT H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-7A DKC-7B DKC-7C
CATALYST PT-RE PT-RE PT-RE
STUDY AGING AGING AGING
CATALYST WT. GM 14.4745 14-4745 14.4745
TEMPER A T U R E , D E G . F 900. 900. 900.
PRESSURE,PS I A 215. 215. 215.
HYDROCARBON PP.PSIA 20. 20. 20.
HYDROGEN PP.PSIA 1 95. 195. 1 95.
MOLS H2/M0L FEED 9.89 9.63 9.82
W/HR/W 2.34 2.39 2.40
PROD GAS H20.VPPM. 25 10 23
HOURS ON FEED 40.4 104.7 123.7
MATERIAL BALANCE.PCT 99.98 99.94 98.93
HYDROGEN BALANCE,PCT 100.13 99.98 100.00
P-C7 CONVERSION.PCT 62.44 47. 06 41.96
PRODUCT YIELD, MOLES/1 00 MOLES N-HEPTANE FEED
HYDROGEN 44.42 20. 10 24.28
METHANE 17.13 5.45 5.22
ETHANE 14.61 10.41 9.19
PROPANE 16.1 7 17.47 14.41
I-BUTANE 7.08 9. 08 7.32
N-BUTANE 8.89 8. 1 7 6.89
I-PENTANE 8.13 6.94 6.10
N-PENTANE 4.87 3.37 2.83
2 . 2 + 2 , 3-DMBUTANE 0.62 0.37 0.26
2MPENTANE 3.4 7 2.07 1 .79
3MPENTANE 2.32 1.42 1.23
N-HEXANE 2.69 1.59 1.27
2 , 2 , 3-TMBUTANE 0.31 0.45 0.34
2, 2-DMPENTANE 2.04 2.49 2.48
2 . 3-DMPENTANE 3.51 1 . 09 5.04
2 , 4-DMPENTANE 1.49 2.22 2.41
3 , 3-DMPENTANE 0.89 0.0 1 .40
3-ETPENTANE 1.51 2.02 2.25
2-MHEXANE 9. 1 7 14.08 13.99
3-MHEXANE 11.33 19.34 1 7.60
N-HEPTANE 7.33 11.26 12.55
TOLUENE 19.27 11.49 11 .63
1CIS2-DMCP + MCH 0.15 0.12 0.18
ETCPENTANE 0.15 0.20 0.19
C7 OLEFINS 0.36 0. 13 0.42
BENZENE 1.77 0.91 0.54
MCPENTANE 0.34 0.23 0.17
CB PARAFFINS 0.06 0.03 0.07
C9 PARAFFINS 0.01 0. 04 0.04
C8 AROMATICS 0.40 0. 37 0.31
C9 AROMATICS 0.31 0.40 0. 36
CIO AROMATICS 0.0 0. 0 0.03
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T A B L E  C
E X P E R IM E N T A L  D A T A  W IT H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-7D DKC-7E DKC-8A
CATALYST PT-RE PT-RE PT-RE
STUDY AGING AGING AGING
CATALYST WT, GM 14.4745 14.4745 15.4865
TEMPER A T U R E , D E G . F 900. 900. 900.
PRESSURE,PS I A 2 15. 215. 215.
HYDROCARBON PP.PSIA 19. 20. 20.
HYDROGEN PP.PSIA 195. 195. 195.
MOLS H2/M0L FEED 10.1 7 9.80 9.81
W/HR/W 2.3 3 2.36 2.24
PROD GAS H20,VPPM, 22 20 23
HOURS ON FEED 142.4 163.5 116.4
MATERIAL BALANCE,PCT 99.96 99.96 100.00
HYDROGEN BALANCE,PCT 99.98 99. 98 100.01
P-C7 CONVERSION,PCT 40.88 34.81 38. 15
PRODUCT YIELD, MOLES/1 00 MOLES N-HEPTANE FEED
HYDROGEN 18.02 21.97 26.29
METHANE 3.91 3.02 6.08
ETHANE 8.61 7.18 9,24
PROPANE 15.34 12.19 10.48
I-BUTANE 8.41 6.36 4.65
N-BUTANE 7.09 5.73 5.55
I-PENTANE 6.21 5. 14 5.70
N-PENTANE 2.70 2.26 2.87
2 , 2 + 2 , 3-DMBUTANE 0.19 0. 16 0.24
2MPENTANE 1.74 1.35 1 .80
3MPENTANE 1.14 0.83 1 .22
N-HEXANE 1.15 0.85 1.42
2 , 2 , 3-TMBUTANE 0.51 0.30 0.40
2 , 2-DMPENTANE 2.65 2.53 2.64
2 , 3-DMPENTANE 1.44 5.40 1.62
2 , 4-DMPENTANE 2.35 2.61 2.48
3 , 3-DMPENTANE 0.0 1.48 0.0
3-ETPENTANE 2.19 2.63 2.30
2-MHEXANE 15.55 15.42 16.17
3-MHEXANE 21 .38 19.62 21.94
N-HEPTANE 13.05 15.20 14.29
TOLUENE 10.45 9. 79 1 1 .56
1CIS2-DMCP + MCH 0.17 0.27 0.16
ETCPENTANE 0. 16 0. 13 0.24
C7 OLEFINS 0.45 0.59 1 .12
BENZENE 0.28 0.40 0.38
MCPENTANE 0.14 0.12 0.25
C0 PARAFFINS 0.04 0.07 0.04
C9 PARAFFINS 0.07 0. 09 0.04
C8 AROMATICS 0.10 0.24 0.18
C9 AROMATICS 0.37 0.31 0.19
CIO AROMATICS 0.10 0. 05 0.0
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T A B L E  C
E X P E R I M E N T A L  D A TA  W IT H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-9A DKC-13A DKC-13B
CATALYST PT-RE PT-RE PT-RE
STUDY AGING SPACE TIME SPACE TIME
CATALYST WT. GM 15.3023 8.4951 8.4951
T E M P E R A T U R E . D E G . F 900. 900. 900.
PRESSURE,PSIA 2 15. 215. 215.
HYDROCARBON PP.PSIA 20. 1 9. 20.
HYDROGEN PP.PSIA 1 95. 1 95. 195.
MOLS H2/M0L FEED 9.90 1 0.06 9.80
W/HR/W 2.25 2.27 11.46
PROD GAS H20.VPPM. 34 17 38
HOURS ON FEED 129. 1 27.9 30.4
MATERIAL BALANCE.PCT 99.42 99.28 98.79
HYDROGEN BALANCE.PCT 100.01 99.96 100.05
P-C7 CONVERSION.PCT 37.81 49.09 15.10
PRODUCT YIELD. MOLES/1 00 MOLES N-HEPTANE FEED
HYDROGEN 22.4 0 31.04 19.84
METHANE 6.43 6.80 1.22
ETHANE 9.07 11.72 2.90
PROPANE 10.10 15.18 3.55
I-BUTANE 4.45 7.57 1.28
N-BUTANE 6. 14 7.52 2.16
I-PENTANE 6.01 7.66 1.81
N-PENTANE 3.05 3.67 1 .09
2. 2 + 2 . 3-DMBUTANE 0.27 0.38 0.0
2MPENTANE 1 .88 2. 14 0.32
3MPENTANE 1.30 1.34 0.25
N-HEXANE 1.46 1.43 0.37
2 , 2 , 3-TMBUTANE 0.41 0.12 0. 12
2 . 2-DMPENTANE 2.45 2.24 1 .39
2 . 3-DMPENTANE 1.43 4.85 4.31
2 . 4-DMPENTANE 2.69 1 .68 1 .64
3 , 3-DMPENTANE 0.0 1.89 1 .91
3-ETPENTANE 2.30 1 .98 3.01
2-MHEXANE 16.37 11.83 15.56
3-MHEXANE 22.20 15.52 21.85
N-HEPTANE 14.35 1 0. 79 35.12
TOLUENE 10.69 14.79 5.68
ICIS2-DMCP + MCH 0.19 0. 18 0.30
ETCPENTANE 0. 19 0.12 0.21
C7 OLEFINS 1.10 0.59 0.87
BENZENE 0.39 0.50 0.53
MCPENTANE 0.27 0. 06 0.09
C8 PARAFFINS 0.04 0. 06 0.03
C9 PARAFFINS 0.02 0.04 0.03
C8 AROMATICS 0. 1 7 0.33 0.02
C9 AROMATICS 0.1 9 0.29 0.04
CIO AROMATICS 0.0 0. 02 0.0
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T A B L E  C
E X P E R I M E N T A L  D A TA  W IT H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-I3C DKC-13D DKC-13E
CATALYST PT-RE PT-RE PT-RE
STUDY SPACE TIME SPACE TIME SPACE TIME
CATALYST WT« GM 8.4951 8.4951 8.4951
TEMPERATURE.DEG.F 900. 900. 900.
PRESSURE,PSIA 215. 215. 215.
HYDROCARBON PP.PSIA 19. 19. 19.
HYDROGEN PP.PSIA 195. 196. 195-
MOLS H2/M0L FEED 10.12 1 0.23 10. 15
W/HR/W 4^91 3.21 2.28
PROD GAS H20.VPPM. 25 22 24
HOURS ON FEED 32.5 35. 7 39.7
MATERIAL BALANCE.PCT 98.84 99.99 99.57
HYDROGEN BALANCE.PCT 99.99 100.09 99.99
P-C7 CONVERSION.PCT 29. 42 38.40 49.04
PRODUCT YIELD. MOLES/1 00 MOLES N-HEPTANE FEED
HYDROGEN 28.33 32.64 29.52
METHANE 3.29 4.28 6.40
ETHANE 5.64 8.60 11.85
PROPANE 8.23 11.32 15.67
I-BUTANE 3.73 5.56 7.96
N-BUTANE 4.44 5. 74 7.73
I-PENTANE 4.47 5. 86 7.92
N-PENTANE 2.14 ?. 75 3 . 75
2 , 2+2.3-DMBUTANE 0. 12 0.23 0.38
2MPENTANE 1.05 1.55 2-00
3MPENTANE 0.67 1.02 1.30
N-HEXANE 0. 76 1 .05 1.34
2 . 2 . 3-TMBUTANE 0. 16 0.31 0.56
2 . 2-DMPENTANE 2.35 2.47 2.18
2 . 3-DMPENTANE 5.46 5.34 6.43
2 . 4-DMPENTANE 2.33 2.26 1 .92
3 . 3-DMPENTANE 2.16 2.21 1.66
3-ETPENTANE 2.77 2.47 1.96
2-MHEXANE 15.48 14.06 11.45
3-MHEXANE 20.68 1 8.53 14.18
N-HEPTANE 19. 1 8 13.97 10.60
TOLUENE 10.61 12.70 14.59
ICIS2-DMCP + MCH 0.19 0.23 0. 1 1
ETCPENTANE 0.1 3 0. I 1 0.08
C7 o l e f i n s 0.60 0.52 0.39
BENZENE 0.37 0.38 0.57
MCPENTANE 0.06 0. 1 0 0.19
C8 PARAFFINS 0.02 0.02 0.04
C9 PARAFFINS 0.03 0.05 0.03
ca AROMATICS 0.03 0.14 0.16
C9 AROMATICS 0.15 0.26 0.21
CIO AROMATICS 0.0 0. 0 0.01
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T A B L E  C
E X P E R I M E N T A L  D A T A  W IT H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-13F DKC-13G DKC-13H
CATALYST PT-RE PT-RE PT-RE
STUDY SPACE TIME SPACE TIME SPACE TIME
CATALYST WT. GM 8.4951 8.4951 8.4951
TEMPERATURE.DEG.F 900. 900. 900.
PRESSURE.PSIA 215. 215. 215.
HYDROCARBON PP.PSIA 19. 1 9. 19.
HYDROGEN PP.PSIA 196. 196. 195.
MOLS H2/M0L FEED 10.42 10.53 10.06
W/HR/W 1.27 0.95 0.74
PROD GAS H20.VPPM. — 13 ——
HOURS ON FEED 44.2 56.5 56.5
MATERIAL BALANCE.PCT 99.89 99.61 99.88
HYDROGEN BALANCE,PCT 100.02 100.07 100.08
P-C7 CONVERSION,PCT 68.68 77.63 84.17
PRODUCT YIELD. MOLES/1 00 MOLES N-HEPTANE FEED
HYDROGEN 38.58 32.57 29. 10
METHANE 9.12 11.68 12.03
ETHANE 17.18 20.45 23.00
PROPANE 22.42 27.43 31.32
I-BUTANE 1 1.30 14.22 15.93
N-BUTANE 10.74 1 2. 77 14.59
I-PENTANE 10.93 12.37 13.26
N-PENTANE 5.53 6.61 7.61
2 .2+2,3-DMBUTANE 0.67 0.71 0.75
2MPENTANE 3.08 3.14 3.21
3MPENTANE 1 .87 1.95 1 .91
N-HEXANE 1.96 1.97 2.05
2 , 2 , 3-TMBUTANE 0.32 0.12 0.08
2 , 2-DMPENTANE 1.52 1.19 0.84
2 , 3-DMPENTANE 2.99 2. 14 1 .57
2 . 4-DMPENTANE 1.36 0.96 0.64
3 , 3-DMPENTANE 1.25 0.84 0.58
3-ETPENTANE 1.20 0.83 0.58
2-MHEXANE 7.11 5.08 3.51
3-MHEXANE 9.45 6. 93 4.75
N-HEPTANE 6. I 2 4.28 3.28
TOLUENE 20.03 20.46 21 .00
1CIS2-DMCP + MCH 0.15 0. 1 1 0.10
ETCPENTANE 0.08 0.07 0. 05
C7 OLEFINS 0.26 0.27 0.15
BENZENE 0.61 0.79 0.90
MCPENTANE 0.17 0.04 0.08
C8 PARAFFINS 0.02 0. 03 0.01
C9 PARAFFINS 0.01 0. 02 0.01
C8 AROMATICS 0.26 0.42 0.50
C9 AROMATICS 0.36 0.40 0.43
CIO AROMATICS 0.03 0. 03 0.02
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TA B L E  C
E X P E R IM E N T A L  D ATA  W IT H  P T - R E  C A T A L Y S T
RUN AND BALANCE D K C - 1 31 DKC-13K DKC-13L
CATALYST PT-RE PT-RE PT-RE
STUDY SPACE TIME SPACE TIME SPACE TIME
CATALYST WT, GM a.4951 8.4951 8.4951
TEMPERATURE,DEG.F 900. 900. 900.
PRESSURE,PSIA 2 15. 215. 215.
HYDROCARBON PP.PSIA 19. 19. 19.
HYDROGEN PP,PSIA 195. 195. 196.
MOLS H2/M0L FEED 10.10 1 0. 02 10.34
W/HR/W 2.29 4.91 3.20
PROD CAS H20,VPPM, 32 29 26
HOURS ON FEED 74.3 80.5 83.2
MATERIAL BALANCE,PCT 99.06 99.61 99.97
HYDROGEN BALANCE,PCT 9 9 . a6 100.07 100.00
P-C7 CONVERSION,PCT 49.22 29.74 39.90
PRODUCT YIELD, MOLES/1 00 MOLES N-HEPTANE FEED
HYDROGEN 30.34 28.69 29.39
METHANE 5.29 2.76 4.49
ETHANE 11.44 6.45 9. 14
PROPANE 15.60 8.53 12.31
I-BUTANE a. 1 6 4. I 1 6.30
N-BUTANE 7.41 4.41 5.98
I-PENTANE 7.a9 4.62 6.44
N-PENTANE 3.55 2.02 2.84
2 , 2 + 2 , 3-DMBUTANE 0.39 0. 12 0.22
2MPENTANE 2.19 I . 07 1 .56
3MPENTANE 1.26 0.72 0.93
N-HEXANE 1.30 0.70 0.93
2 , 2 , 3-TMBUTANE 0.25 0. 1 9 0. 16
2 , 2-DMPENTANE 2.38 2.48 2.42
2 , 3-DMPENTANE 4.36 5.26 5.54
2, 4-DMPENTANE 2.05 2.37 1 .89
3, 3-DMPENTANE 1.85 2.25 2.00
3-ETPENTANE 2.08 2.84 2.40
2-MHEXANE 11.58 15.51 13.66
3-MHEXANE 15.61 20.98 18.24
N-HEPTANE 10.60 1 8.39 13.81
TOLUENE 15.03 10.35 12.74
ICIS2-DMCP + MCH 0.24 0. 16 0.09
ETCPENTANE 0. 1 1 0.10 0.07
C7 OLEFINS 0.52 0.48 0.76
BENZENE 0.43 0.44 0.37
MCPENTANE 0.09 0.07 0.07
Ca PARAFFINS 0.07 0.07 0.03
C9 PARAFFINS 0.03 0. 06 0.06
ca AROMATICS 0.19 0. 1 1 0.16
C9 AROMATICS 0.26 0. 14 0.21
CIO AROMATICS 0.02 0.00 0.01
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TABLE C
E X P E R I M E N T A L  D A T A  W IT H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-I3M DKC-13N DKC-I3G
CATALYST PT-RE PT-RE PT-RE
STUDY SPACE TIME SPACE-TIME SPACE TIME
CATALYST WT, GM 8.4951 8.4951 8.4951
T E MPERATURE,DEG.F 900. 900. 900.
PRESSURE,PSIA 215. 215. 215.
HYDROCARBON PP,PSIA 19. 19. 20.
HYDROGEN PP,PSIA 195. 1 95. 195.
MOLS H2/M0L FEED 10.17 1 0. 06 9.99
W/HR/W 2.25 1.64 1.31
PROD GAS H20,VPPM, — 30 26
HOURS ON FEED 87. 1 91.7 95.8
MATERIAL BALANCE,PCT 99.99 100.05 99.91
HYDROGEN BALANCE.PCT 100.04 100.09 100.05
P-C7 CONVERSION,PCT 49.38 60.81 66.26
PRODUCT YIELD, MOLES/lOO MOLES N-HEPTANE FEED
HYDROGEN 32.1 1 39.30 41.22
METHANE 4.65 6c 56 7.59
ETHANE 11.60 14.21 15.63
PROPANE 16.26 1 9. 77 21.93
I-BUTANE 8.55 1 0.65 11.74
N-BUTANE 7.60 9.34 10.28
I-PENTANE 7.97 9. 76 10.47
N-PENTANE 3.66 4.80 5.27
2, 2 + 2 , 3-DMBUTANE 0.42 0.51 0.57
2MPENTANE 2.02 2.58 2.65
3MPENTANE 1 .25 1.55 1 .66
N-HEXANE 1.26 1.61 1.67
2 , 2 , 3-TMBUTANE 0.28 0.09 0.17
2 , 2-DMPENTANE 2.32 1.78 1 .57
2 , 3-DMPENTANE 4.34 3.89 3.41
2, 4-DMPENTANE 1.98 1.21 1.30
3 , 3-DMPENTANE 1.85 1.41 1.27
3-ETPENTANE 2.06 1 . 78 1.41
2-MHEXANE 11 .55 8.85 7.71
3-MHEXANE 15.55 12.01 10.15
N-HEPTANE 10.69 8. 18 6.76
TOLUENE 14.71 1 8. 04 19.55
1CIS2-DMCP + MCH 0.15 0.17 0.13
ETCPENTANE 0.09 0. 09 0.07
C7 OLEFINS 0.46 0.37 0.36
BENZENE 0.41 0.56 0.57
MCPENTANE 0.14 0.05 0.07
ca PARAFFINS 0.06 0. 05 0.06
C9 PARAFFINS 0.04 0.04 0.02
ca AROMATICS 0.22 0.29 0.37
C9 AROMATICS 0.29 0.37 0.49
CIO AROMATICS 0.01 0. 03 0.05
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T A B L E  C
E X P E R I M E N T A L  D A T A  W I T H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-13P DKC-13R DKC-I3S
CATALYST PT-RE PT-RE PT-RE
STUDY SPACE-TIME SPACE TIME PRESSURE
CATALYST WT. GM 8.4951 8.4951 8.4951
TEMPERATURE,DEG.F 900. 900. 900.
PRESSURE.PSIA 215. 215. 2 15.
HYDROCARBON PP.PSIA 19. 1 9. 19.
HYDROGEN PP.PSIA 1 95. 1 96. 195.
MOLS H2/M0L FEED 10.11 10.19 10.12
W/HR/W 0.98 2.29 3.76
PROD GAS H20.VPPM. 1 7 32 36
HOURS ON FEED 100.7 114.9 117.7
MATERIAL BALANCE.PCT 99.94 99.23 99.14
HYDROGEN BALANCE.PCT 100.07 99. 96 99.98
P-C7 CONVERSION.PCT 76.84 50.98 36.86
PRODUCT YIELD, MOLES/lOO MOLES N-HEPTANE FEED
HYDROGEN 34.48 32. 70 25.80
METHANE 12.90 4.96 3.54
ETHANE 19.05 11.83 8.15
PROPANE 26.94 16.19 11.07
I-BUTANE 14.34 0.63 5.76
N-BUTANE 12.36 7. 78 5.85
I-PENTANE 12.19 8. 38 6.15
N-PENTANE 6.59 3.84 2.84
2.2+2,3-DMBUTANE 0.66 0.39 0.17
2MPENTANE 2.97 2.11 1 .58
3MPENTANË 1 .82 1 . 34 0.90
N-HEXANE 1.86 1.31 0.84
2.2,3-TMBUTANE 0.06 0.22 0.16
2.2-DMPENTANE 1.05 2.28 2.63
2.3-DMPENTANE 2.46 4.41 5.28
2.4-DMPENTANE 0.73 2.00 2.43
3.3-DMPENTANE 0.75 1.81 2.16
3-ETPENTANE 0.87 1.94 2.42
2-MHEXANE 5.09 11.18 14.39
3-MHEXANE 7.35 15.00 19.09
N-HEPTANE 4.81 10.19 14.58
TOLUENE 20.71 15.28 11.25
1CIS2-DMCP + MCH 0.1 0 0.24 0.30
ETCPENTANE 0.06 0. 09 0.09
C7 OLEFINS 0.19 0.51 0.55
BENZENE 0.75 0.44 0.39
MCPENTANE 0.03 0.08 0.09
C8 PARAFFINS 0.05 0. 07 0.06
C9 PARAFFINS 0.02 0. 05 0.07
ca AROMATICS 0.46 0.22 0. 15
C9 AROMATICS 0.52 0.32 0.24
CIO AROMATICS 0.04 0. 04 0.0
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T A B L E  C
E X P E R I M E N T A L  DA TA  W I T H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-I3U DKC-13V DKC-13W
CATALYST PT-RE PT-RE PT-RE
STUDY PRESSURE PRESSURE PRESSURE
CATALYST WT, GM 8.4951 8.4951 8.4951
TEMPERATURE,DEG.F 900. 900. 900.
PRESSURE,PSIA 208. 308. 215.
HYDROCARBON PP,PSIA 13. 27. 19.
HYDROGEN PP,PSIA 195. 281. 195.
MOLS H2/M0L FEED 15.33 I 0.33 10.18
W/HR/W 3.78 3.71 3.73
PROD GAS H20,VPPM, 32 23 44
HOURS ON FEED 128.0 1 30.5 135.6
MATERIAL BALANCE,PCT 100.31 98.80 99.43
HYDROGEN BALANCE,PCT 100.03 99.99 100.10
P-C7 CONVERSION,PCT 33.10 35.45 37.21
PRODUCT YIELD, MOLES/lOO MOLES N-HEPTANE FEED
HYDROGEN 32.8 8 16.04 31.41
METHANE 3.07 3.61 3.64
ETHANE 6.92 8.63 8.25
PROPANE 8.95 12.04 I I .25
I-BUTANE 4.48 5.68 5.69
N-BUTANE 4.77 6.18 5.70
I-PENTANE 4.91 5.84 6.00
N-PENTANE 2.30 2.67 2.70
2,2+2,3-DM8UTANE .0.12 0.25 0.20
2MPENTANE 1 .62 1.77 1.45
3MPENTANE 0.84 I.16 0.93
N-HEXANE 0.76 1.07 0.80
2,2,3-TMBUTANE 0.20 0.25 0.27
2,2-DMPENTANE 2.47 2.53 2.43
2,3-DMPENTANE 5.71 5.29 5.11
2,4-DMPENTANE 2.36 2.35 2.25
3,3-DMPENTANE 2.30 2.17 2. IB
3-ETPENTANE 2.59 2.53 2.39
2-MHEXANE 14.88 14.52 14.36
3-MHEXANE 20.09 I 9.66 19.25
N-HEPTANE 16.33 I 5.25 14.57
TOLUENE 11.96 9.38 12.20
1CIS2-DMCP + MCH 0.24 0.28 0. I 7
ETCPENTANE 0.12 0. 12 0.09
C7 OLEFINS 0.48 0.43 0.48
BENZENE 0.36 0.24 0.38
MCPENTANE 0.07 0. 06 0.08
ca PARAFFINS 0.05 0. 02 0.04
C9 p a r a f f i n s 0.04 0. 04 0.05
CB AROMATICS 0.09 0. 1 0 0.14
C9 AROMATICS 0.13 0. I I 0.21
CIO AROMATICS 0.0 0.0 0.0
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T A B L E  C
EXPERIMENTAL DATA WITH PT-RE CATALYST
RUN AND BALANCE DKC-13X DKC-13Y DKC-13
CATALYST PT-RE PT-RE PT-RI
STUDY PRESSURE PRESSURE PRESSURE
CATALYST WT. GM 8.4951 8.4951 8.495
TEMPERATURE.DEG.F 900- 900. 900.
PRESSURE.PSIA 1 65. 223. 156.
HYDROCARBON PP.PSIA IS. 27. 19.
HYDROGEN PP.PSIA 150. 195. 136.
MOLS H2/M0L FEED 10.19 7.15 7.05
W/HR/W 3.73 3. 76 3.79
PROD GAS H20.VPPM. — — —— 47
HOURS ON FEED 130.5 141.1 144.7
MATERIAL BALANCE.PCT 99.31 1 00.20 100.81
HYDROGEN BALANCE.PCT 99.99 100.02 100.01
P-C7 CONVERSION.PCT 39. 1 7 41.45 43.65
PRODUCT YIELD. MOLES/lOO MOLES N-HEPTANE FEED
HYDROGEN 40.59 28.20 42.91
METHANE 3.54 3.63 3.81
ETHANE 8.22 9.37 9.03
PROPANE 11.02 13.19 12.47
I-BUTANE 5.77 6.95 6.98
N-BUTANE 5.34 6.46 5.90
I-PENTANE 6.05 6.80 6.86
N-PENTANE 2.63 3. 07 2.99
2.2+2.3-DMBUTANE 0. 1 7 0.26 0.25
2MPENTANE 1.20 1.60 1.31
3MPENTANE 0.79 1 .07 0.85
N-HEXANE 0.70 1.00 0.80
2.2.3-TMBUTANE 0.22 0.28 0.24
2.2-DMPENTANE 2.40 2.55 2.35
2.3-DMPENTANE 5. 10 5.02 4.95
2.4-DMPENTANE 2.11 2.21 2.08
3.3-DMPENTANE 2.12 2.09 2.02
3-ETPENTANE 2.47 2.4 1 2.38
2-MHEXANE 13.67 13.18 12.55
3-MHEXANE 18.48 17.75 16.98
N-HEPTANE 14.26 1 3.07 12.79
TOLUENE 14.62 1 2.22 15.34
1CIS2-DMCP + MCH 0.21 0.26 0.15
ETCPENTANE 0.1 0 0.13 0.07
C7 OLEFINS 0.53 0.51 0.73
BENZENE 0.48 0.38 0.52
MCPENTANE 0.07 0. 07 0.08
C8 PARAFFINS 0.02 0. 08 0.06
C9 PARAFFINS 0.05 0. 1 0 0.08
CB AROMATICS 0. 1 7 0.22 0.28
C9 AROMATICS 0.30 0.35 0.51
CIO AROMATICS 0.0 0.05 0.05
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TA B L E  C
E X P E R I M E N T A L  DATA W I T H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-13AA DKC-13BB DKC-13
CATALYST PT-RE PT-RE PT-RI
STUDY PRESSURE PRESSURE PRESSURE
CATALYST WT. GM 8-4951 8.4951 8.495
TEMPERATURE.DEG.F 900. 900. 900.
PRESSURE.PSIA 234. 1 17. 312.
HYDROCARBON PP.PSIA 39. 19. 19.
HYDROGEN PP.PSIA 1 95. 97. 292.
MOLS H2/M0L FEED 5.03 5.02 15.22
W/HR/W 3.76 3.76 3.76
PROD GAS H20.VPPM. 24 24 24
HOURS ON FEED 147. 1 151.4 153.7
MATERIAL BALANCE.PCT 99.18 100.25 99.09
HYDROGEN BALANCE.PCT 100. 1 1 100.01 100.01
P-C7 CONVERSION.PCT 46.01 48.20 30.43
PRODUCT YIELD. MOLES/lOO MOLES N-HEPTANE FEED
HYDROGEN 25.38 62.07 15.49
METHANE 4.50 2.81 4.44
ETHANE 10.60 8. 87 7.60
PROPANE 15.41 12.22 9.79
I-BUTANE 8.68 7.46 4.09
N-BUTANE 7.30 5.81 5.26
I-PENTANE 7.89 6.90 4.88
N-PENTANE 3.55 3.09 2.28
2.2+2,3-DMBUTANE 0.33 0.18 0.21
2MPENTANE 1 . 75 1.17 1.72
3MPENTANË 1.13 0. 70 0.98
N-HEXANE 1 . 09 0.68 0.82
2,2,3-TMBUTANE 0.29 0.23 0.15
2,2-DMPENTANE 2.49 2.29 2.40
2.3-DMPENTANE 4.86 4.45 5.15
2.4-DMPENTANE 2.02 1 .87 2.57
3,3-DMPENTANE 1.91 1 .85 2.19
3-ETPENTANE 2.16 2.13 2.76
2-MHEXANE 12.11 11.56 15-33
3-MHEXANE 16.37 1 5.67 21 .22
N-HEPTANE 11.79 11.76 17.81
TOLUENE 12.1 0 18.84 8.55
1CIS2-DMCP + MCH 0.17 0.19 0.28
ETCPENTANE 0.08 0. 1 0 0.12
C7 o l e f i n s . 0.55 0.93 0.44
BENZENE 0.37 0.70 0.22
MCPENTANE 0.09 0. 12 0.07
CB PARAFFINS 0. 10 0. 06 0.01
C9 PARAFFINS 0. 15 0. 09 0-01
CB ARÜMATICS 0.30 0.46 0.04
C9 AROMATICS 0.53 1 . 02 0.04
CIO AROMATICS 0.07 0. 13 0.0
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T A B L E  C
E X P E R I M E N T A L  D A T A  W I T H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-l3DD DKC-13EE DKC-131
CATALYST PT-RE PT-RE PT-RI
STUDY PRESSURE PRESSURE PRESSURE
CATALYST WT. GM a.4951 8.4951 8.495
TEMPERATURE.DEG.F 900. 900. 900.
PRESSURE.PSIA 208. 215. 223.
HYDROCARBON PP.PSIA 13. 19. 27.
HYDROGEN PP.PSIA 195. 195. 195.
MOLS H2/M0L FEED 15. 15 10.15 7. 11
W/HR/W 3.76 3.76 3.75
PROD GAS H20.VPPM. 27 24 29
HOURS ON FEED 156.7 159.0 161.1
MATERIAL 3ALANCE.PCT 98.69 99. 74 99.61
HYDROGEN BALANCE.PCT 99.98 99. 99 99.92
P-C7 CONVERSION.PCT 33.97 36.48 43.23
PRODUCT YIELD. MOLES/1 00 MOLES N-HEPTANE FEED
HYDROGEN 31.98 29.50 26.60
METHANE 3.80 3.49 4.26
ETHANE 7.L2 8.42 9.76
PROPANE 9.42 11.12 13.50
I-BUTANE 4.30 5.28 7.13
N-BUTANE 4.93 5.47 6.73
I-PENTANE 5.13 5.83 7.03
N-PENTANE 2.33 2.50 3.19
2.2+2.3-DMBUTANE 0.23 0. 19 0.30
2MPENTANE 1.20 1.48 2.07
3MPENTANE 0.91 0.85 1 .29
N-HEXANE 0.88 0.91 1.25
2 . 2 , 3-TMBUTANE 0.17 0.20 0.16
2.2-DMPENTANE 2.45 2.54 2.71
2.3-DMPENTANE 5.03 5.06 4.74
2.4-DMPENTANE 2.41 2.42 2.21
3.3-DMPENTANE 2.25 2.12 1.86
3-ETPENTANE 2.67 2.56 2.15
2-MHEXANE 14.59 14.27 12.58
3-MHEXANE 20.09 19.36 17.42
N-HEPTANE 16.36 14.90 12.93
TOLUENE 12-40 12.11 12.58
1CIS2-DMCP + MCH 0.20 0.16 0.16
ETCPENTANE 0.09 0. 09 0.09
C7 OLEFINS 0.43 0.48 0.52
BENZENE 0.38 0.42 0.47
MCPENTANE 0.08 0. 09 0.04
C8 PARAFFINS 0.01 0. 03 0.06
C9 PARAFFINS 0.04 0.04 0.06
C0 AROMATICS 0.10 0.14 0.22
C9 AROMATICS 0. 14 0.20 0.32
CIO AROMATICS 0.0 0. 0 0.02
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T A B L E  C
E X P E R I M E N T A L  D A T A  W I T H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-13GG DKC-13HH DKC-13
CATALYST PT-RE PT-RE PT-RI
STUDY PRESSURE PRESSURE PRESSURE
CATALYST WT. GM a.4951 8.4951 8.495
TEMPERATURE.DEG.F 900. 900. 900.
PRESSURE.PSIA 156. 234. 1 17.
HYDROCARBON PP.PSIA 19. 38. 19.
HYDROGEN PP.PSIA 1 36. 195. 98.
MOLS H2/M0L FEED 7.04 5. 11 5.10
W/HR/W 3.77 3.74 3.75
PROD GAS H20.VPPM. — — 55
HOURS ON FEED 164.0 1 70. 1 173.6
MATERIAL BALANCE.PCT 100.24 99.50 99.98
HYDROGEN BALANCE.PCT 100.02 99.92 99.81
P-C7 CONVERSION.PCT 43.27 45.12 49.31
PRODUCT YIELD. MOLES/lOO MOLES N-HEPTANE FEED
HYDROGEN 42.4a 25. 07 59.58
METHANE 3.66 3.79 3.47
ETHANE 9.01 10.11 9.07
PROPANE 12.32 14.66 12.55
I-BUTANE 6.86 8.25 7.60
N-BUTANE 5.96 7.03 6.02
I-PENTANE 6.67 7.84 7.17
N-PENTANE 3.01 3.45 3.19
2.2+2,3-DMBUTANE 0.24 0.27 0.22
2MPENTANE 1.31 1 .73 1 .13
3MPENTANE 0.82 1.07 0.69
N-HEXANE 0.80 1 . 08 0.69
2. 2.3-TMBUTANE 0.22 0.27 0.19
2.2-DMPENTANE 2.36 2.57 2.19
2.3-DMPENTANE 4.89 4. 70 4.49
2.4-DMPENTANE 2.00 2.07 1.76
3.3-DMPENTANE 2.01 1 .93 1 .73
3-ETPENTANE 2.48 2.23 2.01
2-MHEXANE 12.77 12.40 11.20
3-MHEXANE 17.15 16.52 15.20
N-HEPTANE 12.86 12.18 11.88
TOLUENE 15.11 12.00 19.08
ICIS2-DMCP + MCH 0.19 0.23 0.21
ETCPENTANE 0.09 0. 1 1 0.09
C7 OLEFINS 0.74 0.74 0.95
BENZENE 0.55 0-46 0.85
MCPENTANE 0.10 0. 05 0.08
ca PARAFFINS 0.09 0.14 0.11
C9 PARAFFINS 0.07 0.14 0.12
ca AROMATICS 0.28 0.32 0.42
C9 AROMATICS 0.49 0.56 0.99
CIO AROMATICS 0.06 0. 08 0.13
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T A B L E  C
E X P E R I M E N T A L  D AT A  W I T H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-13J J DKC-13KK DKC-13LL
CATALYST PT-RE PT-RE PT-RE
STUDY PRESSURE TEMPERATURE TEMPERATURE
CATALYST WT. GM 8.4951 8.4951 8.4951
TEMPER A T U R E . D E G . F 900. 875. 875.
PRESSURE.PSIA 215. 215. 215.
HYDROCARBON PP.PSIA 19. 19. 19.
HYDROGEN PP.PSIA 196. 196. 196.
MOLS H2/M0L FEED 10.19 1 0.28 10.23
W/HR/W 3.27 1 . 96 1 .96
PROD GAS H20.VPPM. — 48 —
HOURS ON FEED 177.0 190.0 194.7
MATERIAL BALANCE.PCT 100.10 98. 79 99.84
HYDROGEN BALANCE.PCT 99.89 100.00 100.03
P-C7 CONVERSION.PCT 40.89 37.21 37.21
PRODUCT YIELD. MOLES/lOO MOLES N-HEPTANE FEED
HYDROGEN 26.23 20.71 22.21
METHANE 4.46 4.49 3.77
ETHANE 9.50 8.58 8.55
PROPANE 12.83 1 2 . 1 0 12.15
I-BUTANE 6.63 6.34 6.37
N-BUTANE 6.27 5.88 5.89
I-PENTANE 6.79 6.35 6. 36
N-PENTANE 3.00 2. 73 2.74
2 . 2 + 2 . 3-DMBUTANE 0.31 0.27 0.24
2MPENTANE 1 .57 1.69 1.62
3MPENTANE 1 .02 0.98 1.04
N-HEXANE 0.92 0. 87 1.10
2 . 2 . 3-TMBUTANE 0.24 0.38 0.20
2 . 2-DMPENTANE 2.45 2.76 2-72
2 . 3-DMPENTANE 5.25 5 . 66 5. 10
2.4-DMPENTANE 2.20 2.38 2.38
3 . 3-DMPENTANE 2.04 2.21 2.28
3-ETPENTANE 2.34 2.48 2.53
2-MHEXANE 13.51 14.09 14.30
3-MHEXANE 17.81 1 8.95 19.16
N-HEPTANE 13.25 13.87 14.13
TOLUENE 12.59 1 0.60 10.03
ICIS2-DMCP + MCH 0.17 0. 1 7 0. 1 1
ETCPENTANE 0.08 0. 08 0. 06
C7 o l e f i n s 0.47 0.47 0.34
BENZENE 0.41 0.27 0.24
MCPENTANE 0.06 0.13 0.07
ca PARAFFINS 0.06 0. 04 0.03
C9 PARAFFINS 0.06 0. 06 0.07
CB AROMATICS 0. 17 0. 12 0.10
C9 AROMATICS 0.25 0. 1 8 0.18
CIO AROMATICS 0.03 0. 02 0.0
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T A B L E  C
E X P E R I M E N T A L  D A T A  W I T H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-13MM 0KC-13NN DKC-1300
CATALYST PT-RE PT-RE PT-RE
STUDY TEMPERATURE TEMPERATURE TEMPERATURE
CATALYST WT. GM a.4951 8.4951 8.4951
TE M P E R A T U R E , D E G . F 926. 925. 900.
PRESSURE.PSIA 215. 215. 215.
HYDROCARBON PP.PSIA 19. 1 9. 19.
HYDROGEN PP.P S I A I 95. 195. 196.
MOLS H2/M0L FEED 10.15 10.05 10.33
W/HR/W 5.98 6.03 3.20
PROD GAS H20.VPPM. 38 — 39
HOURS ON FEED 197.2 198.5 203.8
MATERIAL BALANCE.PCT 99.26 99.68 99.96
HYDROGEN BALANCE.PCT 99.95 99. 87 99.99
P-C7 CONVERSION.PCT 44.36 44.62 43.26
PRODUCT YIELD. MOLES/lOO MOLES N-HEPTANE FEED
HYDROGEN 37.48 41.38 29.09
METHANE 4.02 4.46 4.70
ETHANE 10.18 9.71 10.03
PROPANE 12.73 12.01 13.60
I-BUTANE 6.16 5.91 6.91
N-BUTANE 6.78 6.42 6.85
I-PENTANE 6.89 6.94 7.19
N-PENTANE 3.32 3. 32 3.24
2. 2 + 2 . 3-DMBUTANE 0.27 0.24 0.33
2MPENTANE I .64 1.67 1.70
3MPENTANE 0.97 1.05 1.06
N-HEXANE 1 .23 1 .01 0.90
2 , 2 , 3-TMBUTANE 0.17 0.26 0.36
2 . 2-DMPENTANE 2.14 2.30 2.68
2 , 3-DMPENTANE 5.03 5. 09 4.68
2 . 4-DMPENTANE I .67 2. 18 2.35
3 . 3-DMPENTANE 1 .65 1 . 90 2.02
3-ETPENTANE 2.40 1.88 2.10
2-MHEXANE 12.24 12.33 12.87
3-MHEXANE 16.98 16.56 17.27
N-HEPTANE 13.34 12.86 12.40
TOLUENE 14.92 16. 19 13.37
1CIS2-DMCP + MCH 0.16 0.16 0.16
ETCPENTANE 0.09 0. 1 0 0.09
C7 OLEFINS 0.75 0.59 0.44
BENZENE 0.60 0.49 0.31
MCPENTANE 0.07 0. 1 1 0.19
ca PARAFFINS 0.04 0. 04 0.06
C9 PARAFFINS 0.05 0. 06 0.05
ca AROMATICS 0.21 0.20 0.13
C9 AROMATICS 0.28 0.32 0.26
CIO AROMATICS 0.01 0.0 0.03
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T A B L E  C
E X P E R I M E N T A L  D AT A  W I T H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-17A DKC-17B DKC-17C
CATALYST PT-RE PT-RE PT-RE
STUDY TEMPERATURE TEMPERATURE TEMPERATUI
CATALYST WT, GM 5.3984 5.3984 5.3984
T E M P E R A T U R E , D E G . F 900. 900. 900.
PRESSURE,PSIA 215. 215. 215.
HYDROCARBON PP,PSIA 19. 19. 19.
HYDROGEN PP,PSIA 1 95. 1 95. 195.
MOLS H2/M0L FEED 10.07 1 0. 04 10.09
W/HR/W 3.35 6.43 3.34
PROD GAS H20,VPPM, 4 36 28
HOURS ON FEED 6.2 15.5 20.3
MATERIAL BALANCE,PCT 100.45 100.52 99.84
HYDROGEN BALANCE,PCT 100.01 99.96 100.00
P-C7 CONVERSION,PCT 29.89 20.86 34.02
PRODUCT YIELD, MOLES/lOO MOLES N-HEPTANE FEED
HYDROGEN 27.27 1 8. 74 25.44
METHANE 4.52 1.99 3.28
ETHANE 6.87 4. 75 8.18
PROPANE 8.37 5.85 10.39
I-BUTANE 3.31 2.30 4.68
N-BUTANE 4.62 3.47 5.58
I-PENTANE 4.07 2.92 5.35
N-PENTANE 2.21 1.59 2.61
2 , 2 + 2 , 3-DMBUTANE 0.1 1 0.04 0.15
2MPENTANE 1 .05 0.58 1.25
3MPENTANE 0.71 0.37 0.80
N-HEXANE 0.92 0.52 0.86
2 , 2 , 3-TMBUTANE 0.12 0.04 0.13
2 , 2-DMPENTANE 2.11 1.74 2.30
2 , 3-DMPENTANE 4.95 5.05 5.47
2* 4-DMPENTANE 2.24 1.64 1 .93
3 , 3-DMPENTANE 2.08 1.80 2.04
3-ETPENTANE 2.73 2.56 2.35
2-MHEXANE 15.16 15.30 14.59
3-MHEXANE 20.57 21.24 19.57
N-HEPTANE 20.13 29. 76 17.59
TOLUENE 10.37 7.04 10.72
1CIS2-DMCP + MCH 0.21 0.28 0.18
ETCPENTANE 0.12 0. 19 0. 13
C7 OLEFINS 0.56 0.71 0.61
BENZENE 0.49 0.46 0.42
MCPENTANE 0.05 0.02 0.07
CB PARAFFINS 0.02 0.02 0.04
C9 PARAFFINS 0.05 0.06 0.06
CB AROMATICS 0.25 0. 07 0.15
C9 AROMATICS 0.16 0. 07 0.18
CIO AROMATICS 0.0 0. 0 0.0
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T A B L E  C
E X P E R I M E N T A L  DATA W I T H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-17D DKC-l7E DKC-17F
CATALYST PT-RE PT-RE PT-RE
STUDY TEMPERATURE TEMPERATURE TEMPERATURE
CATALYST WT. GM 5.3984 5.3984 5.3984
TEMPER A T U R E , D E G . F 925. 925. 900.
PRESSURE,PSIA 215. 215. 215.
HYDROCARBON PP.PSIA 20. 20. 19.
HYDROGEN PP.PSIA 195. 195. 196.
MOLS H2/M0L FEED 9.91 9.93 10.23
W/HR/W 5.92 5.92 3.34
PROD GAS H20.VPPM. 24 — 26
HOURS ON FEED 23.7 26.2 31.9
MATERIAL BALANCE,PCT 100.47 99. 74 99.95
HYDROGEN BALANCE.PCT 100.00 100.10 99.91
P-C7 CONVERSION.PCT 35.69 34.99 33.09
PRODUCT YIELD. MOLES/lOO MOLES N-HEPTANE FEED
HYDROGEN 28.56 33.08 25.03
METHANE 5. 13 3.98 4.89
ETHANE 8.85 8.24 6.83
PROPANE 10.49 9. 81 9.99
I-BUTANE 4.61 4.48 4.43
N-BUTANE 5.45 5.33 5.26
I-PENTANE 5.26 5.36 5.37
N-PENTANE 2.62 2.55 2.54
2 . 2 + 2 . 3-DMBUTANE 0.1 1 0. 1 5 0.15
2MPENTANE 1.21 1.17 1 .23
3MPENTANE 0.68 0.72 0.78
N-HEXANE 0.82 0. 78 0.60
2 . 2 , 3-TMBUTANE 0.15 0.13 0.16
2. 2-DMPENTANE 1.97 2.07 2.23
2 . 3-DMPENTANE 4.64 5. 18 5.52
2» 4-DMPENTANE 2.1 1 2.29 2.21
3 . 3-DMPENTANE 1.96 1.93 2.14
3-ETPENTANE 2.57 2.50 2 .64
2-MHEXANE 14.07 13.95 14.70
3-MHEXANE 19.24 1 9. 02 19.72
N-HEPTANE 17.60 1 7.96 17.57
TOLUENE 11.71 12.09 11.05
1CIS2-DMCP + MCH 0.29 0.28 0.17
ETCPENTANE 0.14 0.14 0.09
C7 OLEFINS 0.90 0. 76 0.46
BENZENE 0.58 0.53 0.41
MCPENTANE 0.08 0. 06 0.07
ca PARAFFINS 0.03 0.02 0.01
C9 PARAFFINS 0.04 0. 05 0.04
ca AROMATICS 0. 14 0. 09 0.13
C9 AROMATICS 0.22 0. I 8 0.20
CIO AROMATICS 0.0 0. 0 0.0
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T A B L E  C
E X P E R I M E N T A L  D AT A  W I T H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-IBA DKC-18B OKC-18C
CATALYST PT-RE PT-RE PT-RE
STUDY TEMPERATURE TEMPERATURE TEMPERATUI
CATALYST WT. GM 1 1.9514 11.9514 11.9514
T E MPERATURE,DEC.F 900. 900. 900.
PRESSURE,PSIA 215. 215. 215.
HYDROCARBON PP,PSIA 20. 19. 19.
HYDROGEN PP,PSIA 1 95. 195. 195.
MOLS H2/M0L FEED 9. 77 10.07 10.16
W/HR/W 3.26 2.35 2.33
PROD GAS H20,VPPM, 4 26 —
HOURS ON FEED 6.6 9.2 1 0.8
MATERIAL BALANCE,PCT 99.7 7 100.49 100.44
HYDROGEN BALANCE,PCT 100.02 100.07 99.97
P-C7 CONVERSION,PCT 31.96 4 3 . BB 44.11
PRODUCT YIELD, MOLES/100 MOLES N-HEPTANE FEED
HYDROGEN 2B.40 30. 32 30.46
METHANE 4.52 6.38 5.05
ETHANE 7.35 10.41 10.19
PROPANE 9.07 13.14 12.98
I-BUTANE 3. 72 5.91 5.90
N-BUTANE 5.10 7.21 6.83
I-PENTANE 4.58 6.92 6.68
N-PENTANE 2.44 3.43 3.29
2 , 2 + 2 , 3-DMBUTANE 0.12 0.35 0.34
2MPENTANE 0.90 1.85 2.36
3MPENTANE 0.69 1.28 1 .51
N-HEXANE 1.00 1 . 39 1 .58
2 , 2 , 3-TM8UTANE 0. 19 0.19 0.31
2 , 2-DMPENTANE 2.33 2. 39 2.89
2 , 3-DMPENTANE 5.55 4.79 4.97
2 , 4-DMPENTANE 2.39 2.30 2.66
3 , 3-DMPENTANE 2.24 2.07 2. 14
3-ETPENTANE 2.63 2.38 1 .93
2-MHEXANE 15.03 12.80 12.85
3-MHEXANE 20.06 17. 13 16.29
N-HEPTANE 17.62 12. 09 11.80
TOLUENE 10.91 1 3.53 13.51
1CIS2-DMCP + MCH 0.23 0.14 0.17
ETCPENTANE 0.11 0. 1 0 0.14
C7 OLEFINS 0.62 0.45 0.49
BENZENE 0.52 0.49 0.52
MCPENTANE 0.09 0. 08 0.13
CB PARAFFINS 0.03 0.02 0.05
C9 PARAFFINS 0.05 0. 06 0.06
CB AROMATICS 0.16 0. 1 7 0.21
C9 AROMATICS 0.21 0.22 0.24
CIO AROMATICS 0.0 0.0 0.0
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T A B L E  C
E X P E R I M E N T A L  D AT A  W I T H  P T - R E  C A T A L Y S T
RUN AND BALANCE DKC-I8D DKC-18E DKC-18F
CATALYST PT-RE PT-RE PT-RE
STUDY TEMPERATURE TEMPERATURE TEMPERATUI
CATALYST WT. GM 1 1.9514 11.9514 11.9514
TEMPERATURE.DEG.F B75. 875. 900-
PRESSURE.PS I A 215. 215. 215.
HYDROCARBON PP.PSIA 19. 19. 19.
HYDROGEN PP.PSIA 195. 195. 196.
MOLS H2/M0L FEED 10.13 10.18 10.47
W/HR/W i .22 1.23 2.32
PROD GAS H20.VPPM. — -- 33
HOURS ON FEED 14.7 17.9 25-4
MATERIAL BALANCE.PCT 100.96 99. 07 99.94
HYDROGEN BALANCE.PCT 100.00 99. 99 99.99
P-C7 CONVERSION.PCT 43.87 43.45 45.51
PRODUCT YIELD. M O L E S / 100 MOLES N-HEPTANE FEED
HYDROGEN 24.02 21.81 28.07
METHANE 7.31 7. 11 6.67
ETHANE 10.50 9.71 11.28
PROPANE 13.85 12.68 14.20
I-BUTANE 6. 1 1 6.93 6.63
N-BUTANE 7.25 7.83 7.39
I-PENTANE 6.94 6 . 86 7.25
N-PENTANE 3.39 3.56 3.46
2 . 2 + 2 . 3-DMBUTANE 0.35 0.44 0.27
2MPENTANE 2.10 2. 14 1.97
3MPENTANE 1.35 1.3B 1.22
N-HEXANE 1 .48 1.45 1 .20
2 . 2 . 3-TMBUTANE 0.29 0.29 0.23
2 . 2-DMPENTANE 2.57 2.62 2.40
2 . 3-DMPENTANE 5.23 5.73 5.22
2 . 4-DMPENTANE 2.33 2.37 2.18
3. 3-DMPENTANE 2.02 2.14 1.96
3-ETPENTANE 2. 13 2.25 1.99
2-MHEXANE 12.95 13.21 12.48
3-MHEXANE 17.22 1 6.26 16.37
N-HEPTANE 11.39 1 1.67 11 .65
TOLUENE 12.72 12. 02 13.78
1CIS2-DMCP ♦ MCH 0. IB 0.19 0.17
ETCPENTANE 0.09 0. 14 0.10
C7 OLEFINS 0.42 0.41 0.50
BENZENE 0.45 0.42 0.51
MCPENTANE O.OB 0.10 0.07
CB PARAFFINS 0.03 0.06 0.05
C9 PARAFFINS 0.04 0. 04 0.05
CB AROMATICS 0.15 0.16 0.16
C9 AROMATICS 0.18 0. 15 0.19
CIO AROMATICS 0.0 0.02 0.0










































Space time, pressure study 







Space time, pressure study 
































Presented here Is a sample set of reaction data. The procedures 
for converting this raw data into a material balance and a final set of 




Run Type Space time
Date 10/6/73
Time on Feed, hr 83.2
Reaction Temperature, °F 900
Reaction Pressure, psig 200
Catalyst Weight, gm 8.4951
n-Heptane Feed Rate, cc/hr 39.848
Hydrogen Feed Rate, ft /hr 2.5036
Wet Test Meter Temperature, °F 79.5
Product Gas Rate, ft^/hr 2.725
Wet Test Meter Temperature, °F 79.0
Barometric Pressure, in. Hg 30.25
Product Gas Specific Gravity (Air = 1.0) 0.186
Liquid Product, gm 13.5394
Liquid Product Collection Time, min. 49.8
Feed Pump Temperature, °F 72.5
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B. Analytical Data




Component i GCG GCL GCF
Methane 1 205. 0. 3.765
Ethane 2 630 0. 3.496
Propane 3 1045. 32. 2.006
Isobutane 4 616. 54. 1.707
n-Butane 5 583. 81. 1.685
Isopentane 6 605. 281. 1.580
n-Pentane 7 269. 168. 1.495
2,2-DMButane 8 20. 22. 1.352
2-MPentane 9 127. 228. 1.308
3-MPentane 10 69. 154. 1.318
n-Hexane 11 62. 185. 1.278
2,2-DMPentane 12 95. 432. 1.710
2,4-DMPentane 13 62. 455. 1.495
3,3-DMPentane 14 70. 443. 1.550
2,3-DMPentane 15 154. 1040. 1.868
3-EtPentane 16 64. 576. 1.579
2,2,3-TMButane 17 3. 25. 2.314
2-MHexane 18 464. 4123. 1.252
3-MHexane 19 586. 5160. 1.333
n-Heptane 20 312. 4988. 1.147
Toluene 21 229. 5085. 1.112
MCPentane 22 2. 20. 1.411
Benzene 23 9. 162. 0.976
C.j Olefins 24 0. 153. 2.716
lCIS2-DMCPentane 
+ MCHexane 25 0. 20. 2.168
EtCPentane 26 0. 20. 1.712
Cg Paraffins 27 0. 18. 0.8382
Cg Paraffins 28 0. 36. 0.8344
Cg Aromatics 29 0. 67. 1.181
Cg Aromatics 30 0. 99. 1.072
Cĵ Q Aromatics 31 0. 7. 0.7420
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C. Material Balance Calculation
Basis; 49.8 minute balance period
Weight n-heptane feed
= (39.768 cc/hr)(.71596 - 0.00047507(72.5°F)gm/cc/°F)(0.83 hr)
= 22.495 gm
Weight hydrogen feed
= (2.41 gm/ft^)(.938)(2.527 ft^/hr)(0.83 hr)
= 4.741 gm
where .938 = gas correction factor to 60°F, 1 atm for 30.25 
In. Hg, 79.5°F
Weight of liquid product 
“ 13.539 gm
Weight of gas product
= 1.195(29 gm/gm-mole)(0.186)(.939)(2.725 ft^/hr)(0.83 hr)
= 13.689 gm
Material Lalance
= (13.539 + 13.689)7(22.479 + 4.741) x 100 
= 99.97 wt. %
D. Product Yield Calculations
Product yields are obtained by calculating molar flow rates of 
each component In the gas product and the liquid product. These are 
combined and divided by feed molar flow rate to determine yields.
1. Gas Composition
GMOLS = Product gas weight flow rate, g-mol/hr
Gas Wt. = Product gas weight flow rate, gm/hr
HCMW = Hydrocarbon molecular weight In product gas, gm
HCMOL = Molar flow rate of product gas hydrocarbons, g-mol/hr
AUT(I) = Mole % component I In gas stream
CUT(I) = Molar flow rate of component I In gas stream, g-mol/hr
GCG(I) = GC area of component I in gas
MW(I) = Molecular weight of component I, gm
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GCF(I) = GC factor for component I
BP = Barometric pressure, in. Hg
Temp. = °F
CGAS = Carbon flow rate, gm/hr in gas stream
CMW(I) = Carbon molecular weight of component I
H2 = Hydrogen molar flow rate, g-mol/hr
H2FD = Hydrogen feed molar flow rate, g-mol/hr
AUT(I) = 100 X GCG(I) X GCF(I)/%(GCG(I) x GCF(I)) 
GMOLS = (Prod Gas Rate, ft^/hr)(TPCOR)(1.195)
For TPCOR:
VPHgO = EXP((20.9476-(9550.99/(Temp+460))))
PP = 25.4002 BP 








= (GMOLS)(Gas Specific Gravity)(29)
= I(AUT(I) X MW(I)/100)
= (GasWt - (2.0159)(GMOLS))/(HCMW-2.0159)
= AUT(I) X HCMOL'/lOO 
= ^(CUT(I) X CMW(D)
= (H2 feed gas rate, ft^/hr)(TPCOR)(1.195) 
= GMOLS - HCMOL - H2FD
2. Liquid Composition
WDUT(I) = Weight flow rate of component I in liquid product, 
gm/hr
DUT(I) = Molar flow rate of component I in liquid product,
g-mol/hr
BUT(I) = Mole % component I in liquid product
LIQWT = Weight flow rate of liquid product, gm/hr
GCL(I) = GC area of component I in liquid
TCOL = Time for collection of liquid product, min.
TLP = Total weight of liquid product
CLIQ = Total liquid product carbon flow rate, gm/hr
LIQWT = (TLP((60)/TCOL
BUT(I) = 100 X GCL(I) X GCF(I)/%(GCL(I) x GCF(I))
WDUT(I) = BUT(I) X MW(I) x LIQWT/%(BUT(I) x MW(I))
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DUT(I) = WDUT(I)/MW(I)
CLIQ = I(DUT(I) X C1W(I)/MW(I))
3. Total Yield
DCUT(I) = Total molar flow rate of component I in combined 
liquid, gas product, g-mol/hr
YLD(I) = Yield of component I, mol/100 mol feed
F = Feed rate, gm/hr
GBAL = Carbon balance
HYLD = Net hydrogen yield, mol/100 mol feed
CF = (F)(.83902)
DCUT(I) = (CUT(I) + DUT(I)
CBAL = (100)(CGAS + CLIQ)/CF
YLD(I) = 100xDCUT(I)*10021/F/CBAL
HYLD = (100)(H2)(10021)/F/CBAL
Applying the above calculation procedures to the data shown for 
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Component Product Yield
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